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Light is sweet, 
 
Ecclesiastes 11: 7 
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Abstract 
 
 
Molecular beam epitaxy (MBE) grown CaF2-CdF2 superlattices (SLs) and CaF2 thin films 
doped with Eu ions were investigated by laser spectroscopic techniques. Eu ions were 
selectively doped into CaF2 layers and were used as an optical probe to the SLs and thin 
films. Physical properties of the SLs and thin films were inferred from optical transitions 
of divalent and trivalent Eu centres. 
 
The 4f 65d → 4f 7 transition of Eu2+ has shown strain dependent peak shifts of the zero 
phonon line. These shifts were thought to be a result of deformation in the crystal 
structure primarily due to the lattice mismatch with the Si substrate. Based on the amount 
of shifts, the strains associated with the MBE samples were calculated. 
 
Photoluminescence (PL) bleaching and its recovery of the same transition of Eu2+ in SLs 
were also explored. At low temperature the bleaching is best described as bi-exponential 
decay. Localisation of the liberated electrons from the 4f 65d absorption band was 
considered for the bleaching effect. It was observed that at elevated temperatures the PL 
intensity of the 4f 65d → 4f 7 transition was recovered.  
 
Combined excitation-emission spectroscopy (CEES) was employed to investigate 
trivalent Eu centres in SLs. The strong 7F0 → 5D1 excitation and the 5D0 → 7F1 emission 
of Eu3+ were studied. A novel centre, which is assigned as I, of Eu3+ in SL was observed 
and investigated in comparison with the cubic centre (O centre) of Eu3+. Relative to the O 
centre the I centre has shown a strong thickness dependent PL which can be demonstrated 
with a mono layer (1 ML = 3.15 Å) resolution. Possible transformation of the I centre to 
the O centre was also observed by additional thermal and UV excitations. The I and the O 
centres are proposed as the same centre except for having an electron in the vicinity of the 
I centre.  
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Chapter 1  
 
 
Introduction 
 
 
 
This thesis examines laser spectroscopy of Europium (Eu) defect centres in thin films of 
CaF2 and Superlattices (SLs) of CaF2-CdF2 epitaxially grown on silicon substrates. 
Interesting physics can be found in such materials due to the fact that they were grown 
artificially on different materials with a mono layer (ML) thickness control. It is essential 
to understand the physical properties of the epitaxial films and SLs so that the 
development of advanced materials would be beneficial. For example, the laser 
development would not have happened so rapidly in the 60s and 70s without the 
fundamental spectroscopic understanding of the lasing media [1].  
 
Laser spectroscopy plays an important role in characterising material properties by means 
of non-contacting elucidation. Optical spectroscopy is an old experimental technique. In 
fact one might point out the first illustration of the optical spectroscopy in the book of 
Genesis [2]. The ‘sun light’ is ‘dispersed’ by rain drops and the rainbow is ‘detected’ by 
human eyes. In which the three components of optical spectroscopy were met; a light 
source, a light dispersing element and a light detector. The components have been 
updated to the current research standard however the experimental technique is still 
served as a key ingredient in this study. 
 
In epitaxially grown CaF2 thin films and CaF2-CdF2 SLs there are peculiar environments 
for Eu defect centres due to the fact that the hosts are artificially grown on silicon 
substrates as a template and, more importantly, the existence of an interesting physical 
environment at the CaF2-CdF2 interface. None of the above can be achieved by 
conventional crystal growth techniques. Molecular Beam Epitaxy (MBE), on the other 
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hand, can produce thin films and SLs with an atomic layer precision and control. Eu can 
be deposited in various regions of thin films and SLs using the advantages of the MBE 
growth technique. For this study, Eu is deposited, along with CaF2, on a silicon (Si) 
substrate. This separates not only Eu being selectively doped in CaF2 layers but also 
separates Eu further from being deposited closer to or remote from the CaF2-CdF2 
interface. Usually the thickness of a mono layer (ML) determines whether the Eu centre is 
an interface or a remote defect for very thin SLs. Even though Eu ions are separated by 
ML in thin layers, one can be fully exposed to a completely different crystal environment 
than the other.  
 
When Eu ions embedded in crystal lattices are subjected to the electromagnetic radiation, 
provided by a laser excitation, they undergo optical transitions. However these transitions 
can be characterised by the electric field produced by the local crystal environment of the 
host. Due to the non-uniform environment the position of the excited states of Eu in the 
interface and in the middle of the host are expected to be different. Studying optical 
transitions of Eu centres will assist in a fuller understanding of the interaction with the 
crystal host especially at the interface. Following Bhargava et al., nano-scaled materials 
doped with optically active luminescence centres will open new investigation 
opportunities in the structural properties of such materials [3]. 
 
 
1.1 Thin films of CaF2 and superlattices of CaF2-CdF2 host 
 
CaF2 is an alkaline earth fluoride with a 12 eV [4-6] band gap which exhibits optical 
transparency over a wide range of wavelengths [6]. Due to its wide band gap CaF2 is a 
prime candidate for many optical components such as UV laser materials, lenses and 
prisms [7]. CaF2 also demonstrated a good growth on semiconductor surfaces [8] which 
makes the growth of heterostructures readily possible. In particular, a recent epitaxial 
growth of CaF2 on Si substrate with a lattice mismatch of 0.6 % at room temperature [9, 
10] made CaF2 a material which will be useful in the development of compact three-
dimensional devices [11]. 
 
Chap.1 Introduction 3
Similarly, CdF2 has a fluorite structure with a wide band gap which was measured to be 
from 6  to 8 eV with time [12-14]. Despite CdF2 being an insulator, simple treatments 
result in a vast change to its electrical property. For example, CdF2 exhibits an n-type 
semiconductor behaviour with increased conductivity of 107 times when doped with 
trivalent impurities followed by thermal annealing [15, 16]. CdF2  also allows an epitaxial 
growth on Si surface due to its good lattice mismatch to Si of 0.8 % at room temperature 
[17]. 
 
It was demonstrated for the first time by the collaborators of the project that CdF2 can be 
grown on CaF2/Si heterostructures [17-19]. Since CaF2 and CdF2 are the same fluorite-
type crystals, which consist of eight fluorine anions at each corner of a cube and the 
cations (Ca2+ or Cd2+) in centre of alternating cubes, they grow coherently with the CaF2 
buffer layers on top of [111] oriented Si substrate.  
 
More importantly, interesting physical phenomena have been reported by the same group. 
In particular, photoluminescence (PL) bleaching of the defect centre due to a possible 
transfer of electrons in CaF2:Eu-CdF2 SLs was observed [20, 21] suggesting that the 
interface of  CaF2-CdF2 is responsible for such transfer. Moreover, x-ray photoelectron 
spectroscopy revealed that a conduction band offset of 2.9 eV exists between CaF2 and 
CdF2 [19] as shown in fig. 1.1. This effect, given that there is conduction band offset, is 
attractive in designing fluoride-based optical memory [22] and in resonant tunnelling 
diodes (RTDs).  
 
 
 
 
 
 
 
 
 
 
 
CdF2 
Δ
E
P
L =
 3
.0
 e
V
 
CaF2 CdF2 
 Eg= 12.1 eV  Eg= 8.0 eV 
ΔEc= ~ 2.9 eV 
Fig. 1.1. Schematic of band gaps of CaF2 
and CdF2. The values are 12.1 eV and 8.0 
eV, respectively. The band gap offset 
between CaF2 and CdF2 is ~2.9 eV given by 
x-ray photoelectron spectroscopy. The 
excited state of Eu2+ is resonant with the 
conduction band of CdF2. Note that the 
schematic is not drawn to scale. 
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1.2 The Lanthanoids 
 
Eu belongs to the Lanthanoids* (or Lanthanides) which comes from the Greek word  
lanthanos, meaning hidden [23]. However the lanthanoids are said to be unhidden as they 
are used in many optical and photonic applications such as lasing media, phosphors, 
fluorescence lamps and x-ray imaging. Also some lanthanoids (Eu) are said to be used in 
anti-counterfeiting agents in Euro bank notes [24]. However it was commented that 
further investigations of the agents would be a violation of the law. Apart from some 
limitations the lanthanoids can be used and studied lawfully. 
 
The lanthanoids are characterised by the filling of 4f shell electrons. For instance, a 
neutral Eu has 6 electrons in the partially filled 4f shell. It also naturally occurs as ionic 
forms by removal of weakly bound outer 6s 2 or 5d6s 2 electrons [25]. The filling of 4f 
electrons takes place inside the 5s 25p 6 shell. Following the definition of ‘inner’ electrons 
[26], the lanthanoids commence with Cerium (Z = 58) and end with Lutetium (Z = 71). 
 
Since the 4f electrons are screened by closed outer shells they behave similarly to the 
electrons in free ions. Hence optical transitions involved with the f shell of the 
lanthanoids consist of narrow lines.   The electronic configurations of the lanthanoids are 
given by an assumption that the potential energy is spherically symmetric. When the 
lanthanoids are embedded in crystals, however, the potential is no longer spherical and 
the symmetry becomes lower due to the electric field produced by the crystal 
environment. The influence of the crystal field is considered as a perturbation to the free 
ion, yet effectively predicts the energy levels of the lanthanoids.  
 
In general when trivalent Eu ions substitute for Ca2+ during crystal growth some extra 
fluorine (F-) ions occupy interstitially to the neighbouring cubic lattice to retain the 
overall neutrality. Fig. 1.2 shows examples of such charge compensation by fluorine ions. 
Different charge compensation states can take place depends upon the orientation of the 
interstitial F- ions with respect to Eu3+. For example, trigonal C3v, tetragonal C4v, and  
                                                 
*IUPAC recently recommended the name lanthanoids rather than lanthanides. The suffix –ide is often used 
for the anions which may confuse readers. 
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Ca2+ 
Eu3+ 
F- 
Z 
C4v C3v Oh 
cubic Oh symmetry can be obtained with F- ions localised in [111], [100] directions and in 
remote lattice positions from Eu3+.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2. Schematic of charge compensation by F ions. The Z axis indicates the [111] direction. 
 
It is interesting to investigate the symmetry of the Eu3+ ions doped in the nano-scale MBE 
hosts. Due to the high pressure and temperature of the MBE growth technique, 
imperfections of the crystal structures, dislocations and as well as uncontrolled charge 
carriers are expected in SLs and in thin films. For such reasons the F- ions are not the only 
charge compensations. Electrons may occupy interstitially as a charge compensator 
instead of the F- ions. In addition some degree of the crystal distortion due to the 
imperfect growth should be taken into account for the symmetry of Eu3+. As a result, an 
admixture of all the possibilities associated with the nano crystals, unique symmetries of 
Eu3+ centres can be observed in optical transitions. The energy levels of the individual 
Eu3+ centres can be obtained by advanced laser spectroscopic techniques. The analysis of 
the energy levels will ensure fuller interpretation of the crystal structures of the SLs and 
thin films. 
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Previously we have successfully reported a novel centre of Eu3+ [27] along with the cubic 
centre in SLs. The I centre is thought of as the electron charge compensated centre at the 
interface of the CaF2:Eu-CdF2 SLs. Hence the name ‘Interface (I)’ centre. The I centre 
exhibited strong thickness and temperature dependent PL intensity when excited by a 
tunable dye laser. It is crucial to determine optical behaviour of the Eu3+ centres in SLs so 
that the corresponding physical properties of the SLs are understood. In this investigation 
Eu3+ ions continue to serve as optical probes for the epitaxially grown SLs and thin films. 
 
 
1.3 Outline 
 
This thesis consists of the following chapters on various aspects of Eu centres in CaF2:Eu-
CdF2 SL and CaF2:Eu thin films. 
 
 In chapter 2 the theoretical background determining energy levels of rare earths is 
discussed. Free ion Hamiltonian for the lanthanoids and the applied crystal field as 
a perturbation to the Hamiltonian is briefly discussed. 
 In chapter 3 the combined excitation-emission spectroscopy (CEES) is introduced 
as the spectroscopic technique used in this study. Some other essential 
experimental techniques and instruments are also discussed. 
 In chapter 4 spectroscopy of Eu2+ is surveyed in realising strain associated with 
thin films and SLs. PL bleaching from Eu2+ is also reported and subsequent 
growth of Eu3+ is suggested and tested. 
 In chapters 5 and 6, PL behaviours of the I and the O centres are mainly discussed. 
Some physical models are proposed and tested. Additional excitations were 
provided to delocalise the charge compensating electron for the I centre.  
 The effective role of the charge compensating electron for the formation of the I 
centre is discussed in chapter 7. To assist that discussion a crystal structure which 
incorporates the extra electron along a [111] direction is considered. Crystal field 
calculations are performed using the above model. Also the physical 
delocalisation of the electron is explained by tunnelling back and forth through the 
appropriate potential barriers. 
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 Finally the investigation is summarised in chapter 8 with further suggested 
research. 
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Chapter 2 
 
 
Theory 
 
 
 
2.1 Introduction 
 
The Hamiltonian for a free ion has spherical symmetry so is invariant with respect to 
operations such as rotations, reflections and inversions. When lanthanoids are embedded 
in crystals the environment breaks the spherical symmetry. The non-uniform distribution 
of ligand charges about the lanthanoids lifts the degeneracy of multiplet and yields further 
splitting of the energy levels. This effect known as ‘crystal field’ on the 4f electronic 
configuration is described by the theoretical approach and is discussed in this chapter. 
The crystal field is treated as a perturbation to the free ion Hamiltonian. 
 
 
2.2 The free-ion Hamiltonian 
 
The configuration of 4f states of the lanthanoids are described by a set of one-electron 
orbitals. The Hamiltonian operator describing the 4f electrons in a free ion can be written 
as, 
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where N is the number of 4f electrons. Z*e is the effective charge at the nucleus. Here 
)( ir  is the spin-orbit coupling function. The terms that lift the degeneracy of the 4f 
configurations are the third and the fourth of equation (2.1). These terms can be identified 
as the mutual Coulomb repulsion and spin-orbit interaction of the 4f electrons.  
 
The Russell-Saunders (or LS coupling) scheme is generally used to describe the electronic 
configurations of the rare earth ions. This scheme first couples the orbital angular 
momenta of the electrons as the total orbital angular momentum L, and the spin angular 
momenta as the total spin angular momentum S. The coupled L and S yields the total 
angular momentum J. 
 
From the beginning, the Coulomb repulsion interaction as defined in Hfi is independent of  
J, and the matrix elements are diagonal with S and L, which splits the configuration of the 
4f state into terms of 2S+1X where X is labelled by different L values. Hence this is 
commonly expressed as 2S+1L. For the spin-orbit interaction on the other hand, it is 
diagonal with J but not with S or L. The spin-orbit interaction lifts the degeneracy with 
different J values and splits the LS term. The notation for the LSJ is denoted as 2S+1LJ. 
However there is still degeneracy left due to the spherical symmetry of Hfi. The crystal 
field removes some of this degeneracy due to the non-uniform distribution of the charges 
around the free ion and is discussed in the next section. 
 
 
2.3 Crystal Field Hamiltonian  
 
When ions are embedded in a crystal lattice, the spherical symmetry in which the 
lanthanoids enjoy in vapour phase is lowered due to the non-spherical surroundings [1]. 
These resulting non-spherical electrostatic interactions, called the crystal fields, remove 
the degeneracy of J multiplets up to )12( J  states called the Stark levels. The symmetry 
about an optically active lanthanoid centre plays an important role in the degree of 
removal of the degeneracy. When Eu3+ is doped in higher local point charge symmetry 
such as a cubic centre, a J = 1 multiplet of the Eu3+ remains unsplit. However, taking into 
account a charge compensation along a [111] direction, the lower symmetry about the 
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Stark levels 
J
S L12 
Nf4  
Free-ion Crystal field 
Eu3+-F- centre removes the degeneracy of the parent multiplet into two split energy levels. 
Maximum splitting up to three (2J +1 = 3) energy level configurations can be observed 
depending upon the symmetry about the Eu3+. For the 4f electrons, the crystal field 
Hamiltonian is a small perturbation compared to the Coulomb and spin-orbit interactions 
and their magnitude is smaller by roughly 100 times [1]. The schematic diagram of the 4f 
electronic configurations combined with free-ion and crystal field Hamiltonian is shown 
in fig. 2.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1. Schematic of the splitting for the 4f electronic configuration.  
 
Since the effect of the crystal field is to add a low symmetry potential [2] to the spherical 
potentials of the free ion, the crystal field Hamiltonian may be expanded in terms of 
spherical harmonics analogous to the free ion Hamiltonian. Thus the representative 
crystal field Hamiltonian, HCF can be written as a product of a radial function and an 
angular function as, 
 
 


qk
N
i
k
q
k
qCF iCBH
, 1
)( ),(               (2.2) 
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where the summation is over the electrons in the 4f N configuration. Here k is the rank for 
the operator and q is the component of the rank. The radial functions kqB  are treated as 
parameters that can be found empirically from experimental data. The angular function, 
which is a tensor operator, )(kqC  is proportional to the spherical harmonics, kqY , as 
 
.
12
4)(
kq
k
q Yk
C 
           (2.3) 
 
The first term of the expansion in (2.2) can obviously be obtained by letting k = q = 0. 
However this term is responsible for a uniform shift of all the energy levels as a whole 
and hence generally ignored. To require the Hamiltonian to be invariant, the values of k 
and q are limited by the point symmetry about the lanthanoid centres in crystal lattices [3]. 
The evaluation of the matrix elements (omitting the kqB  parameters) of the crystal field 
for 4f N configuration can be made with simplicity following factorisation known as the 
Wigner-Eckart theorem, 
              
  





JJ
MJ
J
Nk
qJ
N
MqM
JkJ
MSJLfCLSJMf J
'
'
1'''')(   
 ,''')( SJLfCLSJf NkN          (2.4) 
 
where 
 
      1'2121''' ')(   JJSJLCLSJ LJkSk   
 .''
''
)( SLCLS
kLJ
SJL k 


          (2.5) 
 
The 3j symbols 



 JJ MqM
JkJ
'
'
 embody the selection rules that determine the non-
zero tensor operators. The 3j symbols are non zero when triangular relationship between J, 
J΄ and k is met as, '.,...,1',' JkJkJkJ   As a result, the possible rank k values 
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for the operator for the 4f electrons are 2, 4 and 6. A further selection rule for the 3j 
symbols is when ,0'  JJ MqM otherwise the 3j symbols vanish. Both the 3j and 
the 6j ,
'' 



kLJ
SJL
symbols can be computed [4, 5]. The doubly reduced matrix elements 
 SLCLS k '')(  , which are independent of J, are tabulated in Nielson and Koster [6].  
 
The splitting of the 4f configuration due to the effect of the crystal field is characterised 
by the point group symmetries about the lanthanoids centre. The symmetry of the crystal 
field Hamiltonian is defined as ‘the point group of symmetry operators which leave the 
Hamiltonian invariant’ [4]. Now (2.2) is readily expanded considering three crystal 
symmetries for Eu3+ ions in CaF2 crystal lattices namely, a cubic (Oh)*, a tetragonal (C4v) 
and a trigonal (C3v). The representative Hamiltonians for different symmetries are given 
as, 
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*
 In later chapters the cubic centre is referred as ‘O’ for convenience. 
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2.3.1 Irreducible representations and multiplet identifications  
 
It was shown in the previous section how the crystal field symmetries are used to 
determine appropriate operators for the crystal field Hamiltonian. In this section 
identifications of the split energy levels for lanthanoids embedded in crystal lattice are 
discussed assisted by the theory of groups. 
 
Let us consider a trigonal C3v symmetry group which consists of symmetry operators E , 
3C , 
2
3C ,  1 ,   2  and  3 . Here E  is the identity operator which provides either 
0º or 360º rotations about any axis. The 3C  and the 
2
3C  operators represent  3
360  and 
3
3602   anticlockwise rotations about the principal axis, respectively. Finally  n  are 
reflection operations which are equivalent to a π rotation about any symmetry axis O-n’s 
(fig. 2.2). The symmetry of the C3v is schematically shown in fig. 2.2. 
 
 
 
 
 
 
 
 
 
Fig. 2.2. The symmetry of a C3v centre with the principal axis (z) pointing out of the page through the centre 
of the inner triangle. 
 
By definition, the C3v forms a group if the above elements (operators) of the group are 
satisfied properties postulated by the group theory [7]. There are five properties * , 
associated with the definition of a group. An example is the existence of an inverse 
element which satisfies ECCCC   313133  [7]. Also using the property that a 
                                                 
*
 There are only four properties discussed in Wybourne [4]. However this is not a major concern delivering 
the group theory into the energy level identification of the lanthanoids.  
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combination,    21 3   C , must form an element of the C3v group, one can construct 
a 66  multiplication table in terms of the given elements as shown in table 2.1. One can 
also confirm the table, for example, by applying  1   first to fig. 2.2 followed by 3C  
which then results in  2 . 
 
Table 2.1. Multiplication table for the trigonal C3v symmetry (group). 
 
 E  3C  23C   1   2   3  
E  E  3C  23C   1   2   3  
3C  3C  23C  E   2   3   1  
2
3C  
2
3C  E  3C   3   1   2  
 1   1   2   3  E  3C  23C  
 2   2   3   1  23C  E  3C  
 3   3   1   2  3C  23C  E  
 
Although the Hamiltonian remains invariant under the symmetry operations, physical 
functions, say a position function of a particular ion (fig. 2.2) is transformed upon each 
operation. For example, when a symmetry operator 3C was applied to a function 
describing the position of an ion (n = 2), the transformed function should take the form 
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
y
x
y
x
C  
 
This is equivalent to rotating the x-y axes clockwise by 120º. For any functions that are 
associated with the x-y axis (rotations and reflections regardless of the z axis), the 
transformed functions by the six operators should all have 22  matrices constructed in 
their functions. The generated matrix for all operators have the same multiplication 
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property as shown in table 2.1. For example, a matrix generated by  2 is equivalent to 
a multiplication of matrices generated by  1  and 3C ,  
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If all the matrices multiply this way they are said to form representations of the C3v 
operations [7]. Similarly for operators associated with the functions in the z axis, the 
generated representations should take a form of 11 (one dimension) matrices, 
 
  ,13 zzC     ,123 zzC        .3,2,1,1  nzzn  
 
The representations generated by the identity operator are considered as 1. Following 
Heine [7], a symbol Eg is used for the representations that transform the functions in the 
x-y axis. Similarly A2g is used for a set of elements that transform the function in the z-
axis. Finally A1g is used for identity element. Now table 2.1 can be rewritten with so-
called ‘irreducible representations’ of the group C3v as shown in table 2.2.  
 
Table 2.2. The irreducible representation of the group C3v. 
 
 E  3C  23C   1   2   3  
A1g 1 1 1 1 1 1 
Eg 
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A2g 1 1 1 -1 -1 -1 
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The group theory further defines the ‘character (traces)’ χs(P) of the matrix s(P) such that 
[3], 
 
   
i
iiss PP .              (2.9)  
 
The summation is over the diagonal entries of the matrix in table 2.2. For the Eg irrep, the 
character of the matrix for 3C  is equivalent to -1 which is the same for the 
2
3C  operator. 
The characters for the  n  operators are all zero. Since the trace is the same for each 
operator in a class, the elements of the C3v group can be categorised into three classes 
only, identity, rotations and reflections. One can see that the characters for all the 
matrices are the same for 3C  and 
2
3C in table 2.2. Using this fact the characterisation of 
the irreps for C3v symmetry group can be constructed as shown in table 2.3. Since there is 
no difference in characters of operators within a class, separate labelling of the elements 
is not required. 
 
Table 2.3. Character table for the group C3v. 
 
 E  3C    
A1g 1 1 1 
Eg 2 -1 0 
A2g 1 1 -1 
 
Finally the character table for the particular symmetry group can be used to determine the 
number of split levels, degeneracies and energy level identifications for given J values. 
Let us consider a full rotation group O3 which contains all symmetry operations. The 
dimension for the representation of the O3 group entirely depends on the value of J (2J 
+1). The (2J +1) dimensional representation of the O3 can be decomposed into irreps of 
C3v symmetry as the C3v forms a subgroup of O3.  
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The character of each class provides a useful relationship between the full rotation group 
and its subgroup when an identical symmetry operation is applied. Accounting for the (2J 
+ 1) dimension (or degeneracy) of the O3 group the character of the classes of the C3v 
symmetry is written as,  
 
    ,
2sin
212sin

  J                (2.10) 
 
where   is determined by physical rotations of the classes of the C3v. The angle of 
rotation   is 0, 
3
2 and π, respectively for E , 3C  and  . Now the character of the 
classes of the C3v with respect to J can be determined as shown in table. 2.4. In other 
words the representation DJ of the full rotation group O3 can be decomposed to the irreps 
of the C3v symmetry. 
 
Table 2.4. Character of classes of irreps for C3v and decomposition of DJ of O3 → C3v. 
 
DJ E  3C    O3 → C3v Number of 
levels 
0 1 1 1 A1g 1 
1 3 0 -1 A2g+ Eg 2 
2 5 -1 1 A1g + 2Eg 3 
3 7 1 -1 A1g + 2A2g + 2Eg 5 
4 9 0 1 2A1g + A2g + 3Eg 7 
5 11 -1 -1 A1g + 2A2g + 4Eg 9 
 
It can be shown that all the characters of the classes determined by different J values are 
expressed in terms of the irreps for each class as shown in table 2.4. For example, the 7F1 
multiplet, one of the low lying energy levels of Eu3+ in the trigonal C3v, can be split into 
two levels which are assigned as A2g and Eg as shown in fig. 2.3. These symbols are used 
through out this thesis for multiplet identifications. Similarly all the energy level 
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splittings and identifications of Eu3+ in different symmetry centres can be determined in 
this way. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3. Energy level splitting and its assignment for Eu3+ in C3v symmetry centre. 
 
 
2.4 Transition and polarisation selection rules 
 
For free ions, the nature of optical transitions of the lanthanoids is through magnetic 
dipole as change of the parity is not required within the f shell transitions occur. In 
crystals the majority of the transitions occurs by an electric dipole process because the 
crystal field mixes in states of opposite parity such as the d shells [8]. Thus some 
admixture of the opposite parity must become involved with the configurations of the 
lanthanoid. Many lanthanoids centres embedded in crystals have lack of inversion [5] 
which allows the component of the opposite parity to the 4f wavefunctions [1] as, 
   dfbfa nn 544 1  [5]. Here a ~ 1 and b << 1. Even for the symmetry centres 
which contain inversion, the optical transitions often occur through the electric dipole 
process. It is possibly due to the tendency that the lanthanoid distort its surroundings upon 
embedding and removes the inversion symmetry [8]. Hence selection rules are valid for 
both electric and magnetic dipole transitions of the lanthanoids. The selection rules are 
associated with the quantum numbers LSJ. A transition probability (so-called transition 
strength, Ps) for pure magnetic dipole transitions between two states,  1  and 2  
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(assuming b is zero) is proportional to the matrix elements such as [8], ,P 21s  md  
where md is the magnetic dipole operator. The matrix elements will be zero when the 
total spin difference between the states is zero, hence we expect 0S  and 0L . 
However due to the spin-orbit coupling a configuration mixing of different S and L states 
is allowed. As a result, in general, 1S  and 1L  transitions are valid. For 
example, the major transitions of Eu3+ centres studied in this thesis were the 7F0 → 5D1 
excitation and the 5D0 →7F1 emission which all satisfy the above selection rules. 
Similarly some selection rules for the J quantum number are also available. Again the 
pure magnetic dipole transitions are restricted to   
 
1,0 J , excluding .00   
 
The selection rules for electric dipole transitions in the lanthanoids are, 6L , and 
 J0  2, 4, 6. However through crystal field mixing of J, these rules are relaxed to 
some extent. Hence transitions such as the 7F0 → 5D1 excitation and the 5D0 → 7F3 
emission are often detected [9] in particular centres of Eu3+ in various hosts. 
 
Further selection rules depending upon the polarisation of excitation light are derived 
from the group theory for transitions in specific symmetry centres. Here we consider two 
polarisations with respect to the orientation of the electric field vector. For π polarised 
light the E vector is parallel to the principal axis which is the z-axis of the symmetry of 
lanthanoid centres. In the case of σ polarised light, the E vector is perpendicular to the z-
axis. Also notations of π΄ and σ΄ are used when the magnetic field vector is parallel and 
perpendicular to the z-axis. Now the polarisation property of transitions can be 
determined by the irrep multiplication. For example, a transition under study is allowed 
through electric dipole process if the multiplication of irreps of the initial state and the 
dipole operator contains the irrep of the final state, as ,f
op
Pi   where P is either σ 
or π. It should be noted that irreps JD  and JD  of the full rotation group O3 can be used 
as appropriate irreps for the electric dipole (odd parity) and magnetic dipole (even parity) 
operators, respectively. Further the irreps decompose differently from O3 to the C3v 
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symmetry according to the σ and the π polarisations. Hence the irreps of transitions 
operators (J = 1) in C3v can be written as,  
 
   ,11  gg EAD     .''21  gg EAD   
 
Whether a transition is allowed, as well as its polarisation nature, can be inferred from 
appropriate irrep multiplication by Butler [10], for example. The resulting polarisation 
transition selection rules for the C3v symmetry are summarised in table 5.1. For example, 
an excitation transition from the A1g level to the Eg of Eu3+ in the C3v symmetry centre is 
allowed through electric dipole (σ) and magnetic dipole (σ΄) process. However an 
excitation (or emission) transition from the A1g to the A2g is only allowed through 
magnetic dipole process in which the magnetic field vector is parallel to the z-axis. The 
polarised excitation and emission technique was used in this study when site symmetry is 
not known for Eu3+ centres in nano scale films and superlattices.  
 
Table 2.5. Polarisation transition selection rules for Eu3+ ion in the C3v symmetry. 
 
C3v A1g  A2g  Eg  
A1g  π  (π΄) σ (σ΄) 
A2g  (π΄) π σ (σ΄) 
Eg  σ (σ΄) σ (σ΄) π, σ (π΄, σ΄) 
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Chapter 3 
 
 
Experimental consideration 
 
 
 
3.1 MBE grown samples 
 
CaF2:Eu-CdF2 superlattices (SLs) and CaF2:Eu thin films have been grown at Ioffe 
Institute, Russia by a molecular beam epitaxy (MBE) technique. ‘Molecular beam’ is 
defined as a directed ray of neutral molecules or atoms in a vacuum system.  For the 
growth of these SLs, molten materials of CaF2:Eu and CdF2 in different effusion cells 
were sequentially deposited on a heated silicon (Si) substrate in an ultrahigh vacuum 
environment. The substrate was [111] oriented and its temperature was kept at 700º C for 
a good growth. The opposite signs of the fluoride lattice mismatches with Si allow 
pseudomorphic growth of the layers. For all samples, several mono layers of CaF2 were 
deposited on top of the Si substrate allowing subsequent coherent growth of CaF2:Eu 
layers. In general CaF2 crystals with a concentration of 0.1~0.5% of divalent Eu ions 
were used for the growth which then results in a uniform distribution of Eu ions 
throughout the layers of CaF2 as shown in fig. 3.1.  
 
For the SLs, the sequential deposition of a CaF2:Eu layer and CdF2 layer is defined as a 
growth parameter ‘period’. In general the number of periods in a film is inversely 
proportional to the thickness of deposited layers. For a symmetric SL consisting of five 
mono layers (1 ML = 3.15 Å) of CaF2:Eu and 5 ML of CdF2, the number of periods was 
about 30. On the other hand, the number of periods for a SL of (CaF2:Eu)20ML-(CdF2)20ML 
was about 8. Hence the total thickness of the SLs is comparable and moreover the 
photoluminescence (PL) intensity of Eu centres is also comparable.  
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In addition to the symmetric SLs, asymmetric SLs which consist of different thicknesses 
of CaF2 and CdF2 layers were grown. The overall thickness of the SLs consists of 1-2 ML 
roughness judged by a high resolution transmission electron microscopy data [1]. The 
concentration of Eu, thickness and the number of periods of frequently used samples for 
this project are summarised in table 3.1. 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.1. Schematic of CaF2:Eu-CdF2 deposition. Eu ions are uniformly deposited in the CaF2 layers. 
 
 
Table 3.1. Specification of investigated samples. 
 
Sample code
Eu concentration 
(mol. %) 
Thickness of layers 
(expressed as subscript) 
Number of 
periods 
SL1885 CaF2:Eu 0.3% (CaF2)2ML-(CdF2)2ML 60 
SL3173 CaF2:Eu 0.1% (CaF2)3ML-(CdF2)3ML 50 
SL3172 CaF2:Eu 0.1% (CaF2)5ML-(CdF2)5ML 30 
SL1646 CaF2:Eu 0.5% (CaF2)20ML-(CdF2)20ML 8 
ASL1980 CaF2:Eu 0.4% (CaF2)4ML-(CdF2)2ML 50 
ASL1982 CaF2:Eu 0.3% (CaF2)2ML-(CdF2)4ML 50 
 
 
Eu3+ Cd2+ Ca2+ F- 
Si (111) 
CaF2 buffer layers 
Eu
3+
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3.2 Combined excitation-emission spectroscopy 
 
As shown in fig. 3.1, the Eu centres deposited in different CaF2 layers may form different 
energy level configurations due to their unique crystal environments. Also for 
consideration of charge compensation in Eu3+ centres we require a tunable excitation 
source so that only a particular centre of Eu3+ is excited. The combined excitation-
emission spectroscopy (CEES) enabled us to continuously excite Eu3+ centres while 
observing their corresponding PL through a CCD detection.   
 
 
3.2.1 Dye laser 
 
The dye laser used in this study consisted of two parts, a laser head and a circulator. Since 
the dye laser is a liquid state laser, the Coherent model 591 circulator was used to provide 
a stream of dye solution to the laser cavity. The circulator was water cooled to prevent 
overheating of the solution. The dye solution was prepared by dissolving Pyrromethene 
546 into a mixture of ethylene glycol and benzene-alcohol. The laser was optically 
pumped by the 488 nm line of the Spectra-Physics model 2080 argon laser with an output 
of 3 W. With a birefringent filter installed in the cavity, the dye laser output was ~100 
mW at ~525 nm which is the transition wavelength of the 7F0 → 5D1 of Eu3+ as shown in 
fig. 3.2. The birefringent filter was coupled with a mechanical stepper motor so that the 
output wavelength was tuned by appropriate programmes. The dye solution became 
unstable after ~300 hours of operation resulting in degraded performance. The 
maintenance of the dye laser was carried out by cleaning the optics and the circulator. 
Upon the cleaning, the circulator was filled with a fresh batch. 
 
 
3.2.2 CCD equipped spectrometer 
 
The Triax 320 spectrometer with an F number of F/4.1 was used for the emission study. 
The spectrometer is equipped with the Jobin Yvon 3000 charged coupled device (CCD) 
detector at the exit slit of the spectrometer. The CCD was cooled with liquid nitrogen to 
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minimise thermal noise. A grating of 1800 lines/mm was frequently used to observe the 
5D0 → 7F1 emission of Eu3+. For that grating the spectral coverage with the 26.7 mm 
(1024 pixels) CCD was ~30 nm giving a resolution of 0.03 nm. The time of exposure of 
the emission onto the CCD was controlled by a mechanical shutter fitted in the entrance 
slit of the spectrometer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2.  Energy levels of the Eu3+ inside the band gap of CaF2. The values of the energy levels are taken 
from ref. [2]. 
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3.2.3 Data acquisition 
 
Labview was used to control the software for the CCD-spectrometer in connection with 
the dye laser stepper motor in order to perform CEES. The dye laser stepper motor was 
designed to move to the next position while the CCD-spectrometer’s shutter is closed. 
Sequentially when the shutter is open, the new excitation wavelength was provided by the 
dye laser. Hence at each step, the CCD recorded the emission of Eu3+ only excited by a 
particular wavelength provided by that step. The whole process was done continuously 
and the raw data is stored as a matrix form. The raw data is then represented as two 
dimensional contour plots generated by Igor Pro or Origin as shown in fig. 3.3. The 
height of the contour is equivalent as the PL intensity of Eu3+ and is indicated by colours. 
The strong signal is indicated by red and the weak signal is indicated by blue.  
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. A contour plot of CEES for Eu3+ in a SL. Corresponding Eu3+ centres are indicated by contours. 
 
For this study the dye laser was tuned over 250 steps which is equivalent of Δλexc ~ 0.5 
nm. The excitation wavelengths were measured by the Burleigh WA-2000 wavemeter 
with a resolution of 0.02 nm at 525 nm. The excitation wavelengths were linearly 
increased with the dye laser stepper motor. Hence only the initial and the final 
wavelengths were measured and the rest of the wavelengths were calculated. 
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3.3 Cryogenics 
 
To minimise broadening of Eu3+ transitions and to occupy electrons to their ground state 
(7F0 for Eu3+) an Oxford MicrostatHe cryostat was used in this study to keep the samples 
at low temperature. A conducting silver paste (1109-s) was employed to place the 
samples onto a copper sample holder which was then bolted to the base of the cold finger 
of the cryostat. The cryostat was evacuated using a diffusion pump. Liquid helium was 
drawn from a dewar and transferred to the cryostat using a dual tube connected with a gas 
pump. The base temperature of the cryostat was 3.5 K. The temperatures inside the 
cryostat were precisely controlled by the Oxford temperature controller assisted by a 
needle valve which controls the helium flow. For this study temperature was varied from 
3.5 K to 300 K. 
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Chapter 4 
 
 
Spectroscopy of divalent Eu in CaF2 thin films and 
CaF2-CdF2 superlattices 
 
 
 
4.1 Introduction 
 
It was mentioned in chapter 1 that Eu ions form themselves as optically active ions and 
therefore as probes to the local environment of crystal hosts. In this chapter, spectroscopy 
of divalent Eu is discussed in terms of revealing local strain in CaF2 thin films and CaF2-
CdF2 superlattices (SLs). Photoluminescence (PL) bleaching of Eu2+ in SLs of CaF2:Eu-
CdF2 is also investigated to elucidate photoionisation in such heterostructures which have 
a unique band gap structure.  
 
Optical transitions of Eu2+ (so-called f-d transitions) are electric dipole allowed due to the 
change of parity. Unlike transitions which take place within the f shell (f-f transitions), the 
f-d electronic transitions involve the outer 5d shell. The radial extent of the 5d shell 
electron wavefunctions is greater than that of the 4f shell electrons and the 5d electrons 
are strongly coupled with their crystal environment [2]. Hence absorption and emission 
involving the f-d transitions are often phonon broadened as a result of the large crystal 
field coupling of the 5d electrons [3]. The electric dipole transition is also much more 
efficient than the magnetic dipole transition. This is given by the fact that transition 
strength for electric dipole results in higher Einstein transition probability than magnetic 
dipole transitions [4]. The quantum efficiency of Eu2+ is reported as 0.62 [1]. 
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It is well known that f-d transitions of Eu2+  and Sm2+ are strongly dependent on strain 
associated with thin crystal hosts [5-8]. MBE grown films are subject to strain due to 
lattice and thermal expansion mismatch to the Si substrate. PL of Eu2+ sensing this strain 
in MBE films and SLs is discussed in section 4.2. In addition to the realisation of the 
crystal environment of the thin films and SLs, bleaching of Eu2+ PL can also be used to 
reveal interesting physics at the interface of CaF2-CdF2 SLs. The photobleaching of Eu2+ 
in various SLs is discussed in section 4.3. Two mechanisms involved with the 
photobleaching are considered, namely tunnelling and trapping. In section 4.4 a PL 
growth of Eu3+ was discussed as opposed to the bleaching of Eu2+. Here trivalent Eu3+ is 
considered as the product of the photobleaching to confirm that Eu2+ not only bleaches 
but also transforms to the trivalent state. Finally recovery of Eu2+ was attempted by 
means of additional thermal excitation and is discussed in section 4.5. 
 
 
4.2 The f-d transition of Eu2+ associated with planar strain in CaF2:Eu thin 
films and CaF2:Eu-CdF2 superlattices  
 
Eu2+ spectra are used in this investigation to survey epitaxial strained MBE grown thin 
films and SLs. The strain is caused by lattice mismatch between the Si substrate and CaF2 
and CdF2 layers. The strain associated with heterostructures is defined as a ratio of the 
difference of lattice parameters between a substrate and a deposited material over the 
lattice constant of the substrate [9]. Following Sokolov et al., the planar strain, ε||, is 
written as  
 
 
,
0
10
|| a
aa                      (4.1) 
 
where a0 and a1 are lattice constants for the substrate and the unstrained deposited layer 
material, respectively [6]. The planar strain purely depends on the lattice constant and can 
be expressed as either positive (tensile) or negative (compressive) values. For example, 
CaF2 films deposited on Si substrate, ε|| is -0.6% at room temperature since the lattice 
constant of CaF2 (5.46 Å) is larger than that of Si (5.43 Å) by 0.6% [10, 11]. Taking into 
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account that thermal expansions for Si and CaF2 are different also means ε|| changes with 
respect to growth temperatures.  
 
In PL spectra the strain is simply observed by the peak shift from its wavelength in a bulk 
crystal. The strain in bulk is considered as 0% and the zero phonon line (ZPL) of the Eu2+ 
PL peak is taken as a reference unless the crystal is externally compressed. The simplest 
model is to assume a linear dependence of the Eu2+ ZPL wavelength shift on the planar 
strain ε|| [6]; 
 
,|| K         (4.2) 
 
where the K is taken as 200 nm for Eu2+ [6]. In this model a red shift occurs for films 
under compressive strain. Kaplyanskii and Przhevuskii interpreted the physics underlying 
such observations as perturbations of excited levels caused by the deformation of the 
crystal field [5]. However Kaplyanskii and Przhevuskii observed the ZPL shift when a 
uniaxial stress was applied along a [111] direction. Hence equation (4.2) is a link which 
relates the planar strain and the uniaxial strain. 
 
Optical excitation of Eu2+ was provided by a He-Cd laser (λ = 325 nm) which pumps Eu2+ 
from its 4f 7 ground state to the 4f 65d (eg) absorption band of closely spaced levels in a 
cubic crystal field [1]. Two absorption bands, eg and t2g,  were reported with values of 
~28,000 cm-1 and ~45,000 cm-1, respectively [12]. After excitation a non-radiative 
relaxation follows to the lowest 2E (Γ8) state from which a radiative emission to the 
ground state occurs[1, 3]. Energy levels of the Eu2+ allowing 4f 7 ↔ 4f 65d transitions are 
schematically shown in fig. 4.1. 
 
The PL spectrum of the f-d transition of Eu2+ in a CaF2 bulk crystal is presented in fig. 4.2. 
The spectrum consists of a sharp line at 413 nm and broad features at longer wavelengths. 
The emission was recorded with a CCD detection at ~4 K. The sharp peak is an electric 
dipole transition (4 f 65d→4 f 7) of Eu2+ and the broad features are phonon-assisted 
transitions. The f-d transition allows Eu2+ to interact with crystal lattice vibrations and 
such interaction is exhibited as broad features. However the pattern of the phonon-
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assisted transitions is almost the same for all film samples and bulk crystal [13]. Also the 
PL position of the entire phonon-assisted transitions shifts correspondingly to the position 
of the ZPL. For that reason only the ZPLs were extracted from all observed spectra and 
were compared. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1. Energy level diagram for the 4f 7→4f 65d transitions of Eu2+. The values and the symmetry 
assignments are taken from references [1, 3, 12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2. The PL spectrum of Eu2+ doped in a CaF2:Eu bulk crystal with a He-Cd laser as the excitation 
source. The emission was recorded at ~4K 
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Fig. 4.3 shows peak positions of the ZPL of Eu2+ doped in various films, a SL and a bulk 
crystal. It was observed that PL peaks were either blue or red shifted suggesting some 
degree of strain introduced in all films. A red shift of 0.70 nm was observed for the PL 
peak of a (CaF2:Eu)20-(CdF2)20 SL where the subscript represents the thickness of a single 
CaF2 layer expressed in mono layers (ML). For thin films blue shifts of 1 nm and 2.24 nm 
were observed for 290 nm thick and 70 nm thick films, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3. Normalised ZPL photoluminescence peaks of Eu2+ doped in (a) bulk crystal, (b) a CaF2:Eu-CdF2 
SL, (c) a 290 nm thick CaF2:Eu film and (d) a 70 nm thick CaF2:Eu film. The horizontal axis is rescaled to 
the bulk PL peak. 
 
The PL peak shifts are somewhat thickness dependent suggesting that the strain is also 
influence by the thickness of samples. However the strain is rather distributed in either 
positive or negative sides of the bulk peak preventing precise investigation. According to 
Gastev et al. [14],  the strain generally becomes compressive for thin films (~10 nm) and 
tends to be tensile as the thickness increases. However when the thickness of an MBE 
film exceeds its critical thickness, dcr, which is the pseudomorphic growth limit, then the 
strain tends to relax. It is evident in fig 4.3 (c) that the thicker film exhibits a more relaxed 
strain than the thinner film (fig 4.3 (d)). The strains measured using equation (4.2) have 
shown good agreement with the literature [8]. The results for the strain of the samples are 
summarised in table 4.1. The calculation suggested in ref. [8] is also presented in the table. 
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Note that for the SL sample, the thickness is that of a single CaF2 layer of 20 ML as the 
strain is reinitiated by the barrier CdF2 layer. 
 
Table 4.1. Strain measured for sample films and SL. 
 
Sample Thickness (nm) Peak shift (nm) Strain (%) 
(CaF2:Eu)20-(CdF2)20 (SL 1646) 6.3* 0.70 ± 0.02 -0.35 (-0.33)* * 
CaF2:Eu (TF 1978) 290 -1.00 ± 0.02 0.49 (0.47) 
CaF2:Eu (TF 1977) 70 -2.24 ± 0.02 1.12 (1.05) 
 
*The thickness is a single layer of 20 ML thick CaF2. The thickness of a ML is taken as 3.15 Å from 
reference [14].  
**Note that the values inside brackets were calculated using the formula taken from ref. [8]. 
 
In addition to the strain related shift in the ZPL in thin films and SLs, a splitting in the 
ZPL was also observed in a 650 nm thick film. Fig. 4.4 shows ZPLs of the Eu2+ for two 
different excitation spot positions. At a particular spot position there was a splitting in the 
ZPL but this was not observed, as the incident laser was moved to the other spot (fig. 
4.4(b)). The splitting in the ZPL is only observed from this particular sample. We did not 
observed any splittings from thin films. However the planar strain for this sample is 
thought to be minimised as the ZPL shift is least among the samples. Hence the splitting 
is possibly due to other factors than the planar strain. 
 
The splitting in the ZPL was further analysed by performing multi peak fittings using Igor 
Pro. The line shape of the ZPLs was described as Gaussian curves. Two Gaussian curves 
were used in the fitting process and gave a value of the spectral splitting of 0.49 nm or an 
energy separation equivalent to 28.8 cm-1 between the peaks (fig. 4.4(a)). It is known that 
the ZPL of Eu2+ splits  into a doublet when the crystal is stressed along a [100] or [110] 
axis [5, 8]. The observation of the ZPL splitting reflects that the strain is not uniform 
throughout the film and at certain localised areas there is another strain associated with an 
axis other than the [111] direction.  
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Fig. 4.4. (a) Splitting in the ZPL of Eu2+ in a 650 nm thick film (TF 1683). (b) The same condition at a 
different spot of the thin film. The spectra are only being different by means of excitation spot position. The 
ZPL of bulk crystal is at 413 nm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.5. Schematic of polarised emission set up. The E vector of the incident laser is polarised 
perpendicular to the c axis (E⊥c). 
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Fig. 4.6. Polarised emission of the ZPLs of Eu2+ in a 650 thick film of CaF2:Eu (TF1683). (a) π-polarised 
emission and (b) σ-polarised emission off the same spot of laser excitation. 
 
Polarised emission was also carried out by having the c axis of the film oriented ~60º 
inside the cryostat and employing an analyser in the emission path as shown in fig. 4.5. 
Fig. 4.6 shows the polarised emission spectra of the split ZPL in the thin film (TF 1683). 
It was observed that the emission pattern of the ZPL splitting almost identical for both 
polarisations. It is reasonable to speculate that the excited state is possibly split as there is 
no drastic change in the emission spectra.    
 
It is assumed that the states allowing 4 f 65d→4 f 7 transitions have mixed configuration 
arising from coupling of the 5d electrons to the 4f n-1 core [3, 5, 12]. In other words, low 
lying 7FJ(1→6) spin-orbit multiplets of the 4f 6 core levels are coupled to the eg and t2g 
orbitals of the 5d electron. As a result a spin orbit quartet, 8, the lowest lying state is 
produced in the 4f 65d configuration (fig. 4.1). The splitting in the ZPL is due to the 
reduction of the symmetry in the excited states caused by strain [5]. In fact the crystal 
symmetry of the Eu2+ ground state is cubic, Oh, hence no splitting is expected in that state. 
However the excited state 8 can be split under deformation of the crystal field symmetry. 
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No attempt was made to measure the strain associated with an axis other than [111] in this 
study as the splitting in the ZPL is only seen in that particular thick film and at particular 
spots. Also the position of the single ZPL of that sample says that the film is under tensile 
strain and the behaviour of the splitting in the 8 state under tensile strain is yet to be 
investigated. 
 
In summary, an f-d transition of Eu2+ served as a measuring tool for the strain in MBE 
grown films and SLs. The ZPL of each sample was either red or blue shifted from the 
bulk reference. The strain involved with the SLs and thin films was calculated. The 20 
ML thick SL shown a compressive strain (0.35%) and other thin films showed tensile 
strain of 0.49% and 1.12%, respectively for 290 nm and 70 nm thick films. The reason 
that the SL has a compressive strain is that the host thickness is still thin so that the 
coherent growth with Si is allowed (which results in a compressive strain).  
 
The ZPL of Eu2+ was also split in the 650 nm thick film. The splitting was measured as 
28.8 cm-1 in the tensile stressed film. The observation of the split ZPL indicates that the 
strain associated with a thick film is not uniform. 
 
 
4.3 Photoluminescence bleaching of Eu2+ in CaF2:Eu-CdF2 superlattices 
and CaF2:Eu thin films 
 
It is well known for many decades that crystals doped with defects, such as lanthanoids, 
exhibit photobleaching effects. Examples are associated with transfer of charge from one 
dopant to another [15-17] and with hole burning processes [4, 18]. However, regardless of 
the various mechanisms of the photobleaching, photoionisation is a significant 
contributing factor. 
 
Previously PL bleaching of singly doped Eu2+ under UV excitation in CaF2:Eu-CdF2 has 
been reported by Sokolov et al. [14, 19]. In these particular heterostructures a conduction 
band offset of 2.9 eV [20] exists between CaF2 (12.1 eV) and CdF2 (8 eV). A schematic 
diagram of these energy band gaps is depicted in fig. 4.7. The excited state, eg, of Eu2+ 
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lies inside the band gap of CaF2. Hence the excited state is in resonance with the 
conduction band of CdF2 because the bottom of the CdF2 conduction band is lower than 
that of the CaF2. The bleaching is thought to be an ionisation of Eu2+ followed by 
tunnelling and then localisation of electrons in the CdF2 layer.  
 
 
 
There exists a finite probability of electron tunnelling since the wavefunctions of 
electrons in the Eu2+ excited state can extend to the conduction band of CdF2. Some of the 
Eu2+ ions in the vicinity of the neighbouring CdF2 are likely to be ionised to Eu3+ given 
that appropriate energy is provided. There will be Eu2+ remaining unchanged in the 
middle of the CaF2 layers as the distance from the interfaces is too far for electrons to 
tunnel. The overall number of Eu ions is unchanged while their state of valence is 
possibly converted from divalent to trivalent during the UV excitation.  
 
It needs to be considered whether the direct promotion of electrons from Eu2+ to the 
conduction band of CaF2 takes place under UV excitation. Pedrini et al. [21] measured 
photoionisation thresholds for several divalent rare earth dopants (Tm, Ho, Dy) in MF2 
hosts where M = Ca, Ba, Sr. They interpreted the photoionisation threshold as equivalent 
to the energy difference between the ground state of the rare earths and the conduction 
band of CaF2. Owen et al. [1] used the model of Pedrini et al. [22] to calculate the energy 
difference between the ground state of Eu2+ and the conduction band as 4.86 eV or 
equivalent to 39,000 cm-1. However, Pedrini et al. later observed that the photoionisation 
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Fig. 4.7. Schematic of the excited state 
of Eu2+ in CaF2. Band gaps of CaF2 and 
CdF2 are 12.1 eV and 8.0 eV, 
respectively. The conduction band offset 
between CaF2 and CdF2 is ~2.9 eV given 
by x-ray photoelectron spectroscopy. 
The excited state of Eu2+ is in resonance 
with the conduction band of CdF2. The 
energy difference between the ground 
state of Eu2+ and the conduction band is 
taken from ref. [1] 
Chap. 4 Spectroscopy of Eu2+ in CaF2 and CaF2-CdF2 40
threshold for Eu2+ doped CaF2 is at 3.8 eV. It was also claimed that the absorption of a 
photon into the first excited state of Eu2+ (eg) does not lead to release of electrons to the 
conduction band. 
 
The excitation source of the bleaching effect used by Sokolov et al. was a 337 nm line of 
a N2 laser which is just below the threshold (3.68 eV or 29,700 cm-1). This means that the 
excitation energy is not energetically high enough to promote electrons in the ground 
state of Eu2+ directly to the conduction band of CaF2. According to Pedrini et al., the 
transition to the eg state should not result in bleaching of Eu2+ PL for a CaF2 crystal. In 
fact this is the case for bulk crystal of CaF2:Eu. However for CaF2:Eu-CdF2 SLs the PL 
bleaching is observable. One can therefore expect a new physical phenomenon related to 
tunnelling in this type of heterostructure. 
 
To verify the photobleaching of Eu2+ an experiment was carried out with similar manner 
and samples as described by Suturin et al. [23]. A He-Cd laser was used to pump Eu2+at a 
wavelength of 325 nm. Eu3+ ions were simultaneously excited by a tunable dye laser and 
their emission detected by the CCD-spectrometer system. A mechanical chopper was 
used to suppress the strong dye laser line in the CCD detection range. The dye laser 
excitation was fixed at the cubic centre transition (7F0→5D1) wavelength. It was 
necessary to monitor Eu3+ transitions simultaneously to demonstrate that the product of 
Eu2+ photoionisation is Eu3+ [24, 25]. With the CCD detection a simultaneous monitoring 
of both Eu2+ and Eu3+ emission was able to be observed with elapsed time of UV 
exposure.  
 
Figure 4.8 shows the spectra recorded of Eu emission at two instant times of the 
continuous UV excitation. It is clearly observed that the PL intensity of Eu2+ decreased 
significantly over 580 s of UV laser exposure. As described in the previous section Eu2+ 
transitions consist of a ZPL at 413 nm and phonon-assisted broad features at longer 
wavelengths. Even though Eu2+ was excited with much less intense laser power the 
excitation had to be lowered due to the more efficient luminescence than Eu3+. Hence the 
He-Cd laser output had to be adjusted to avoid saturation of the CCD detector by using a 
series of neutral density filters.  
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Fig. 4.8. PL spectra of Eu2+ and Eu3+ in a (CaF2:Eu)20-(CdF2)20 SL (SL1647) measured at (a) time of 0 s and 
at (b) time of 580 s of UV exposure. The broad features at shorter wavelengths are Eu2+ transitions and 
narrow peaks between 548-590 nm are Eu3+ transitions. Inset is Eu3+ transition (5D0→7F1) magnified in 
horizontal axis.  Note that dye laser excitation is also shown (~525 nm) in the figure, significantly 
suppressed by optical chopping. PL measurements were done at ~4 K. 
 
In fig. 4.8, the Eu3+ transitions are the narrow peaks at 548.48 nm, 565.12 nm and 590.19 
nm which correspond to the 5D1→7F2 (T2g), 5D1→7F2 (Eg) and 5D0→7F1 transitions, 
respectively. The weak dye laser scatter is also present in the PL spectra at 525.37 nm.  
 
In contrast to the Eu2+ PL spectra an increase in PL intensity was observed from all Eu3+ 
transitions during the same time of UV excitation. The most intense Eu3+ transition 
(5D0→7F1) is shown in the inset of fig. 4.8. The interpretation is that the bleaching of Eu2+ 
emission is a process of photoionisation to Eu3+. However, it was necessary to verify that 
the UV laser does not directly promote Eu3+ transition intensity. This was carried out in 
two ways. Firstly, Eu3+ emission was measured with only the UV laser excitation, i.e. no 
resonant dye laser light. No Eu3+ transitions were observed under sole UV excitation. 
Secondly bulk CaF2:Eu was used under the same experimental conditions. In the presence 
of UV excitation, the PL intensity of the cubic Eu3+ centre excited by the dye laser in the 
bulk crystal was constant over a period of time. These results suggest that the UV laser 
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neither directly pumps Eu3+ to its excited states nor influences Eu3+ emission intensity. 
The UV excitation, however, possibly provoked some other interactions to occur in SLs. 
The observation presented in fig. 4.8 is specific to SLs and is not observed in bulk 
crystals for the above experimental conditions.  
 
PL decay and increase respectively for Eu2+ and Eu3+ were then monitored continuously 
with respect to the time of UV exposure as shown in fig. 4.9. The PL behaviours can be 
described as exponential decay and growth, respectively for Eu2+ and Eu3+. It seemed that 
rate of Eu2+ PL bleaching is almost the same as the rate of PL growth for Eu3+.  It was 
suggested that Eu2+ ionisation is responsible for this behaviour and the process can be 
written as, 
 
 ,EuEu ,
32   tunneltraph e          (4.3) 
 
where hυ is given by the He-Cd laser excitation (325 nm). Here Eu2+ oxidises to Eu3+ and 
releases an electron. The reaction is forward-biased until the steady state is reached based 
on the observation.  
 
The PL behaviour of Eu2+ was exponential decay as shown in fig. 4.9. Two channels 
resulting in Eu2+ quenching were considered, namely tunnelling and trapping. Liberated 
electrons in equation (4.3) are subject to possible tunnelling to CdF2 layers [19] and to be  
trapped by impurities in CaF2 layers [23]. The PL intensity, I(t), of Eu2+ with respect to 
time can be expressed as below, 
 
,)exp()exp()( 21 CtpBtpAtI   
.,,
N
NC
N
N
B
N
NA remtraptunnel                                      (4.4) 
 
The coefficients A and B are fractions of Eu2+ quenched via tunnelling and trapping, 
respectively. They can be defined as number density ratios of Eu2+ ions that are tunnelling 
(Ntunnel) and trapping (Ntrap) over the whole optically excited Eu2+ population N. The 
coefficient C (Nrem) represents the portion of Eu2+ remaining unchanged. For normalised 
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PL intensity the summation of the three coefficients, A, B, and C, must be 1. Two decay 
parameters were used to fit the PL decay for Eu2+, namely p1 and p2, respectively for 
tunnelling and trapping. A bi-exponential fitting was provided by Igor Pro which 
generated a good fit result with χ2 value of 0.027 as shown in table 4.2 and in fig. 4.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9. Normalised PL intensity of Eu2+ and Eu3+ in a (CaF2:Eu)20-(CdF2)20 SL (SL1647) with time of UV 
excitation. The Eu2+ PL intensity was monitored at the peak of broad emission (425.40 nm) and Eu3+ was 
monitored at 590.20 nm (the 5D0→7F1 transition of cubic centre). The UV laser is blocked just before 600 s. 
 
 
Table 4.2. Summary of fitting parameters and coefficients using (4.4) for SL1647. 
 
Coefficients Parameters (s-1) 
A 0.45 ± 0.01 p1 0.105 ± 0.004 
B 0.24 ± 0.01 p2 0.0093 ± 0.0003 
C 0.260 ± 0.001 χ2 = 0.027 
 
  
Chap. 4 Spectroscopy of Eu2+ in CaF2 and CaF2-CdF2 44
1.0
0.8
0.6
0.4
PL
 In
te
ns
ity
 (a
. u
.)
5004003002001000
Time of UV Illumination (s)
Decay of Eu 2+ in SL1647
 
I(t) = Aexp(-p 1t) + Bexp(-p 2t) + C
 
A = 0.45, p 1 = 0.105 s
-1
B = 0.24, p 2 = 0.0093 s
-1
C = 0.260
= 0.027
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10. Bi-exponential fitting of Eu2+ decay during UV excitation for SL 1647. All parameters are 
presented in the inset of the figure. 
 
A further investigation on the PL bleaching was carried out using a selectively Eu-doped 
SL (CaF2-CaF2:Eu-CaF2)60-(CdF2)60. In such SL, Eu ions were only deposited in the 
middle of the 60 ML CaF2 layers and were separated from CdF2 by a distance of 20 ML. 
Henceforth such a SL that has isolated layers of Eu is named as an Isolated Superlattice 
(ISL). The same fitting was provided by Igor Pro in which the decay rates were fixed to 
the values obtained from the previous fitting where uniformly doped Eu2+ was considered 
as shown in fig. 4.10 and in table 4.2. The coefficients, A and B, however, were not fixed 
to see whether the fractions of tunnelling and trapping have been changed in the particular 
ISL. The bi-exponential fitting gave a good result as shown in fig. 4.11 with χ2 value of 
0.058051. The fitting results are shown in table 4.3. The coefficient A which represents 
the portion of Eu2+ bleached in tunnelling has decreased significantly from 0.45 (fig. 
4.10) to 0.18 which suggests that the probability of tunnelling is lowered due to the larger 
distance between Eu activators to the CdF2 layers. As a consequence, the coefficient B 
which represents the portion of Eu2+ bleaching due to trapping has shown an increased 
value from 0.24 (fig. 4.10) to 0.35.  
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Fig. 4.11. Photobleaching of Eu2+ selectively doped in the middle of CaF2 layer (CaF2(20)-CaF2:Eu(20)-
CaF2(20))-(CdF2)(60) in ISL1686. Bi-exponential fitting was used and shown with solid the line. All the 
parameters and the coefficients are presented in the inset. 
 
 
Table 4.3. Summary of fitting coefficients and parameters of Eu2+ photobleaching in ISL1686. 
 
Coefficients Parameters (s-1) 
A 0.18 ± 0.01 p1 0.105 
B 0.347 ± 0.004 p2 0.0093 
C 0.451 ± 0.001 χ2 = 0.058 
 
In the process of quenching, the ionisation of Eu2+ due to tunnelling occurs at a faster rate 
in both SL and ISL. The slow decay rate of Eu2+ via trapping was observed in SL and ISL 
regardless of the coefficients. The change of the coefficients is satisfactorily explained by 
the role of the 20 ML spacer used in the ISL. This reflects that more Eu2+ ions in the ISL 
lost their chances to be tunnelled than they were in uniformly doped CaF2 layers 
(SL1647). It seemed that tunnelling is screened by the additional 20 ML of spacer. The 
spacer that separates Eu2+ from the CdF2 layer significantly reduces, but does not 
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completely eliminate the probability of tunnelling. This is possibly due to a result of the 
deposition of undesired Eu2+ inside the 20 ML spacer which gave more probable 
tunnelling. Alternatively the trapping might be associated with more than one species of 
impurity inside CaF2 layers giving bi-exponential decay even though the probability of 
tunnelling is completely eliminated.  
 
In addition to SL photobleaching, a bi-exponential decay of Eu2+ in a CaF2 thin film was 
observed. Fig. 4.12 shows the photobleaching decay curve for such a sample. In such a 
film CaF2 layers are not sandwiched between CdF2 layers and are solely deposited on a Si 
substrate. One might expect that photobleaching behaviour would be described by a 
single exponential decay in this film corresponding to only the trapping process. However 
the observed behaviour is similar to that in the SLs and hence the two channels of 
bleaching still remain valid. A bi-exponential fit to the data is shown in fig. 4.12 using the 
same decay rates as established earlier. Only the magnitudes of A, B and C were allowed 
to be varied. The parameters obtained are summarised in table 4.4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.12. Photobleaching of Eu2+ in a thin film (1975) of CaF2. B-exponential fitting was used and shown 
with solid line. All the parameters and the coefficients are presented in the inset. 
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Table 4.4. Summary of fitting coefficients and parameters of Eu2+ photobleaching in thin film of CaF2. 
 
Coefficients Parameters (s-1) 
A 0.318 ± 0.005 p1 0.105 
B 0.373 ± 0.003 p2 0.0093 
C 0.266 ± 0.001 χ2 = 0.021 
 
 
Having observed that the data suggest tunnelling contributes to Eu2+ bleaching in thin 
films, it remains to speculate on the origin of the layer involved. Fig. 4.13 shows 
schematic band diagram between CaF2 and Si. Ionisation of the Eu2+ ions in the vicinity 
of the Si substrate might be assisted by tunnelling to the Si conduction band. The 
conduction band offset between CaF2 and Si is ~2.3 eV [20] which allows the excited 
state of Eu2+ to be in resonance with the Si conduction band. Hence the probability of 
tunnelling still exists in thin films.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.13. Schematic of band structure of CaF2 grown on a Si substrate. The values are obtained from ref. 
[20].  
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The Eu2+ fitting parameters here show that trapping is more probable than tunnelling in 
the thin film given both channels are considered. Unlike the SL and ISL, tunnelling is 
now made only one way, which is toward the Si substrate. Hence a smaller fraction of the 
Eu2+ ions are expected to be ionised by tunnelling.  
 
In summary, photobleaching of Eu2+ from the f-d transition has been observed in a SL, an 
ISL and in a thin film due to ionisation of Eu2+ under UV (He-Cd laser) excitation. Two 
channels of ionisation are observed, namely, tunnelling and trapping. The tunnelling is 
migration of liberated electrons to the conduction band of CdF2 and the trapping is the 
capture of liberated electrons by existing defect centres or impurities in CaF2 layers. Bi-
exponential fitting of the photobleaching decay curves suggested that tunnelling is a faster 
process than trapping. The tunnelling probability is significantly decreased by having 
undoped CaF2 layers between Eu activators and CdF2 layers judging from the ISL 
photobleaching result. This also supports the conclusion that tunnelling depends on the 
thickness of the CaF2 layers as reported elsewhere. In addition to tunnelling to the CdF2 
conduction band, electrons can also migrate from a thin CaF2 film to Si substrate with a 
similar mechanism. Also two different kinds of traps in the CaF2 layers are suggested 
from the ISL photobleaching where the tunnelling probability is heavily reduced. 
 
 
4.4 Transformation of Eu2+ to Eu3+  
 
Given that photobleaching occurred in SLs and thin films, it is very instructive to observe 
the presence of Eu3+ in the same host. The photobleaching is thought to be an oxidation of 
divalent Eu assisted by tunnelling and trapping of the liberated electrons. Hence creation 
of Eu3+ must accompany Eu2+ bleaching [24, 25]. This section examines Eu3+ as a 
photoproduct and correlates the observation of Eu3+ PL growth with the photobleaching 
of Eu2+.  
 
Following similar reasoning to equation (4.4), the normalised PL growth of Eu3+ can be 
written as an exponential form, 
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I(t) = 1 + [(A - Aexp(-p 1t)) + (B - Bexp(-p2t))]
 
A = 0.45, p 1 = 0.105 s
-1
B = 0.24, p 2 = 0.0093 s
-1
 = 0.648
     ,11 210 tptp eBeAItI                      (4.5) 
 
where 0I  (= 1) is the initial PL intensity of Eu
3+ before the UV excitation. As shown in 
fig. 4.8, there is a population of already-existing cubic Eu3+ centres in the SL and suppose 
the population of the already-existing Eu3+ is comparable to that of Eu2+. The coefficients 
A and B are the fractions of Eu2+ bleached by tunnelling and trapping, respectively as 
defined in section 4.3. Also the parameters p1 and p2 are the bleaching rates for tunnelling 
and trapping, respectively. It was proposed that the growth of Eu3+ is directly proportional 
to the decay of Eu2+. A bi-exponential fitting was carried out using equation (4.5) with the 
coefficients and parameters obtained in section 4.3 (table 4.2) where bleaching of Eu2+ 
was considered. The resulting fit to the PL growth of Eu3+ in SL1647 is shown in fig. 4.14. 
In general, a reasonable fit was obtained with a χ2 value of 0.647783. However the fitted 
line overshoots the data at longer time of UV exposure. It is worth repeating that the fit to 
the data in fig. 4.14 contains no free parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.14. Exponential growth of Eu3+ in (CaF2:Eu)20-(CdF2)20 SL’s under UV laser excitation. Bi-
exponential fitting was provided using equation (4.5). The fitting results are summarised in the inset. 
 
In the process of PL growth, only the cubic Eu3+ centre was considered. This is because 
of the site-selective excitation provided by the dye laser. One might object that PL 
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intensity from non cubic centres such as trigonal (C3v) or tetragonal (C4v) centres might 
also grow as well as the cubic (Oh) grows. However at low temperature, upon the UV 
excitation, when cubic Eu2+ change its valency, it makes for F- ions impossible to occupy 
interstitially to the nearest neighbour or next nearest neighbour of Eu3+. The objection 
can be ruled out by the fact that the mobility of F- is too small for it to diffuse in the 
crystal in order to provide charge compensation at ~4 K. Also, during the epitaxial growth, 
Eu was doped in samples in divalent form. Charge compensation by F- is not needed as 
Eu2+ substitutes for Ca2+ without changing its valency. As a consequence, any interstitial 
F- ions are possibly remote from Eu2+ in samples and the number of the F- charge 
compensators are initially minimised. Hence as Eu2+ converts to Eu3+ at low temperature 
any interstitial F- remain remote from the Eu3+ cubic centre.  
 
There is no doubt that some Eu ions were deposited in trivalent form during the growth at 
high temperature. In that case interstitial F- can act as the charge compensator giving low 
symmetry Eu3+ centres during the growth. Non cubic centres were observed in combined 
excitation and emission spectroscopy as described in chapter 5. These non cubic centres 
are thought to be pre-existing charge compensated centres formed during the high 
temperature growth followed by annealing. Thus the PL intensity of the non cubic centres 
is not related to the photobleaching of the cubic Eu2+ centre provided by UV laser 
excitation. In fact, the tetragonal C4v centre was monitored in the same way we monitored 
the cubic centre. Despite the low PL intensity, we did not observe any UV influenced PL 
growth or bleaching. 
 
Judging from the fitting it is clear that not all the decrease of Eu2+ contributes to the 
formation of cubic centre Eu3+ because the data does not reach the model line. There are a 
couple of reasons to explain this discrepancy. Firstly, it is instructive to consider an 
effective role of electrons as charge compensation. Kingsley and Prener mentioned that 
an electron can act as a charge compensating agent in CdF2 [26]. It is known that 
electrons in shallow traps or in the conduction band of CdF2 are responsible for such 
charge compensation. This also might be the case for the liberated electrons in CaF2-CdF2 
SLs. Hence an electron charge compensated Eu3+ centre can be produced upon Eu2+ 
                                                 
 The symmetry about the Eu3+ and F- in the next nearest neighbour centre is trigonal C3v. However this 
centre is not observed for Eu3+ in CaF2 crystals. See chapter 5 for more explanation. 
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bleaching. Secondly the monitoring of the Eu3+ emission was only addressed to the 5D0 
→ 7F1 transition. The selections rules discussed in chapter 2 allow the other transitions of 
Eu3+ cubic transitions as shown in fig. 4.8.  
 
Hence equation (4.5) is modified below to account for the fact that not the entire Eu2+ 
cubic centre transforms to the specific transition of Eu3+ cubic centre. The modified PL 
growth of Eu3+ can be written as,  
 
     ,11 210 tpctpc eBeAItI                (4.6) 
., ** B
N
N
BA
N
NA trapctunnelc   
 
The coefficients Ac and Bc are corrected portions of Eu2+ which contribute to the PL 
growth of cubic Eu3+ centre. The coefficient A, as defined earlier, is the portion of Eu2+ 
ionised by tunnelling and is calculated as 0.45198 in the previous section. The coefficient 
A* is the fraction of those Eu2+ ions ionised by tunnelling that are contributing to other 
transitions and other centres of Eu3+. This can be defined as A* = NCtunnel/ Ntunnel where 
NCtunnel represents the corrected number density of Eu2+ ions transformed to Eu3+ centres 
and emitted via other transitions than the 5D0 → 7F1. The coefficient B is the portion of 
Eu2+ ionised via trapping and is calculated as 0.23685 in section 4.3. Similarly to A*, B* 
represents the fraction of ionised Eu2+ by trapping that does not contribute to the 5D0 → 
7F1 transition of the cubic centre and is defined as B* = NCtrap/ Ntrap. Again bi-exponential 
growth is applied to the same SL (SL1647) using (4.6) and shown in fig. 4.15. 
 
The value of χ2 is significantly reduced to 0.158625 which indicates a better fit. The 
fitting results are summarised in table 4.5. Here the new coefficients Ac and Bc were 
reduced from A and B, respectively, indicating that some Eu2+ were contributing to the 
formation of other centres of Eu3+ which do not emit via the 5D0 → 7F1 transition. The 
overall PL growth probability of the Eu3+ cubic centre due to the ionisation of Eu2+ can be 
represented by a simple tree diagram as shown in fig. 4.16. The probabilities are 
calculated using the coefficients obtained in bi-exponential fitting of Eu2+ photobleaching 
and Eu3+ PL growth. 
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I(t) = 1 + [(A c - Acexp(-p1t)) + (Bc - Bcexp(-p2t))]
where Ac = A - A
*, Bc = B - B
*
 
A = 0.45, p 1 = 0.105 s
-1
Ac = 0.444, A
* = 0.01
B = 0.24, p 2 = 0.0093 s
-1
Bc = 0.20, B
* = 0.035
 = 0.159
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.15. Exponential growth of Eu3+ PL in a (CaF2:Eu)20-(CdF2)20 SLs under UV laser excitation. Bi-
exponential fitting was provided using (4.6). The fitting results are summarised in the inset. 
 
 
Table 4.5. Summary of fitting coefficients and parameters of Eu3+ PL growth in SL1647. 
 
Coefficients Parameters (s-1) 
A 0.45 
p1 0.105 
A* 0.01 
Ac 0.44 
p2 0.0093 
B 0.24 
B* 0.035 
χ2 = 0.159 
Bc 0.20 
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0.641 
 
As a result, the probability of cubic Eu3+ PL growth fed by Eu2+ ionised via tunneling is 
0.641 ± 6% and the probability of cubic Eu3+ PL growth fed by Eu2+ ionised via trapping 
is 0.294 ± 7%. For the given assumption the total probability for those ionised Eu ions 
contributing to the particular cubic transition (5D0 → 7F1) of Eu3+ is 0.94 ± 6%. 
 
 
 
Fig. 4.16. Probability diagram for ionised Eu2+ ions contributing to the cubic centre of Eu3+. The 
calculations were performed using the fitted coefficients obtained from SL1647.   
 
Further investigation was carried out by cycling the UV laser on and off with a period of 
300 s. A programmed shutter was used in the optical path. Fig. 4.17 shows corresponding 
results of Eu3+ and Eu2+ behaviour in SL1647 ((CaF2:Eu)20-(CdF2)20) over  3 cycles. Here 
the dye laser was continuously pumping Eu3+ at the cubic centre excitation wavelength 
even when the UV was blocked.  
 
An almost step-like PL behaviour of Eu3+ was observed repeated over 3 cycles in contrast 
to the Eu2+ PL behaviour which exhibited continuous decay under the UV excitation. This 
puzzling observation is inconsistent with the earlier model in which PL growth of Eu3+ is 
directly fed by photobleaching of Eu2+ upon UV excitation. The PL growth model 
described in equations (4.5) and (4.6) only seems to be valid for the first cycle. In the 
second and the third cycles there are not enough Eu2+ ions to feed the Eu3+ PL growth. 
0.656 0.344 
0.1460.8540.0230.977 
Eu3+tunnelling Eu3+trapping 
Eu2+ 
7F1 7FJ 7F1 7FJ 
0.015 0.294 0.050 
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The PL intensity of Eu3+ increases significantly when the UV is turned on and returns to 
its initial value when the UV is turned off regardless of the Eu2+ quenching. It is apparent 
that additional UV excitation influences Eu3+ PL behaviour regardless of the Eu2+ PL 
intensity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.17.  Sequential PL intensity of Eu2+ and Eu3+ in (CaF2:Eu)20-(CdF2)20 SL (SL1647). The UV laser 
was on and off with a period of 300 s. The dye laser was operating continuously. PL intensity was 
monitored at the peak of broad emission (425.40 nm) and Eu3+ was monitored at 590.20 nm, the 5D0 → 7F1 
transition of the cubic centre. 
 
Another evidence which shows the irrelevance of the Eu2+ → Eu3+ transformation can be 
found in thin film of CaF2:Eu. In fig. 4.18, the usual PL bleaching of the Eu2+ is observed 
while no dramatic change in PL intensity for Eu3+ in observed. There was about 10% 
decrease in the PL intensity of Eu3+ at the end of the second complete cycle however this 
is possibly due to drift of the dye laser. Again, it is hard to relate PL growth of Eu3+ and 
the photobleaching of Eu2+ in the thin film. The PL growth of Eu3+ is only observed from 
SLs and ISLs in this study. Hence the PL growth of Eu3+ is thought to be a peculiar 
phenomenon only observed in SLs (and ISLs) and does not prove itself as a photoproduct 
of the Eu2+ bleaching. 
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Fig. 4.18. Photobleaching of Eu2+ and PL of Eu3+ in a thin film of CaF2:Eu (TF1975). The UV laser was on 
and off with a period of 300 s. 
 
In summary Eu2+ photobleaching is observed in SLs, ISLs and thin films of CaF2:Eu. 
Two channels of photobleaching are considered, namely tunnelling and trapping. For SLs 
and ISLs the tunnelling is the migration of electrons, liberated in the f-d transition excited 
by the UV laser, to the conduction band of neighbouring CdF2 layers. For thin films, in 
the process of tunnelling, the electron migration is proposed to be to the conduction band 
of the Si substrate. Trapping is associated with impurities or defects within the CaF2 
layers. Bi-exponential fitting suggested that tunnelling is a faster process than trapping.  
 
Eu3+ is initially considered as a product of the photobleaching of Eu2+ in SLs, ISLs and 
thin films. The initial PL growth of Eu3+ agreed well with the bi-exponential growth 
governed by the parameters and coefficients from the Eu2+ photobleaching problem. 
However the assumption that Eu2+ oxidises to Eu3+ does not hold when the UV excitation 
is repeated more than one cycle. There is insufficient experimental evidence that the 
photobleaching of Eu2+ directly increases the PL growth of Eu3+. The PL intensity of Eu3+ 
itself in SLs was effectively influenced by the additional UV excitation. Hence it was 
concluded that the PL intensity behaviour of Eu3+ is independent of Eu2+ bleaching. Even 
though the PL behaviours of both Eu2+ and Eu3+ appear independent of each other, the 
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origin of the PL behaviours is possibly the same, i.e. transfer of electrons. The PL 
behaviour of Eu3+ is discussed further in the following chapter. 
 
 
4.5 Recovery of Eu2+ by thermal excitation 
 
In MF2 (M = Alkali-earth metals) crystals doubly doped with rare earth ions, recovery of 
photobleaching is quite possible. For example Feofilov [15] has optically confirmed 
photobleaching and recovery of Eu2+ and Sm3+ doped in BaF2. The photobleaching was 
done by exposing the crystal to a mercury lamp for 5 – 10 mins and the recovery of the 
ions was done by heating the crystal thereafter. Such observation can be written as,  
 
.SmEuSmEu 2332   h TkB  
 
It is thought that the bleaching is by phototransfer of an electron from Eu2+ followed by a 
capture of the electron by Sm3+ [27]. The observation is that the photobleaching is 
completely reversible. For the thermal recovery of Eu2+, Welber has shown that the 
reversible phototransfer is also possible in doubly doped CaF2 using different frequency 
of light [16]. The phototransfer can be written as,  
 
,SmEuSmEu 23'
32   
h
h  
 
where υ ≠ υ΄. Overall the recovery of Eu2+ is possible by means of optical and thermal 
excitation. 
 
The recovery of Eu2+ photobleaching of interest in this section requires a different 
mechanism than the recovery reported by Feofilov [15] and Welber [16] as there is no 
second ion present in the SLs. In the absence of the second ion (usually a trivalent 
lanthanoid in cubic symmetry) one might suggest that Eu3+ participates in the 
phototransfer. In fact, electron capturing by the cubic centre of trivalent lanthanoids is 
expected to be far more probable than charge compensated trivalent lanthanoids [16, 17, 
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27]. If this is the case the PL intensity of Eu3+ of the cubic centre would be expected to 
decrease as Eu2+ bleaches. In section 4.4, it was shown that the PL intensity of the cubic 
Eu3+ centre increased at a similar rate to the Eu2+ decrease. Hence it is hard to believe that 
Eu3+ in a cubic centre captures those electrons from Eu2+ in the case of SLs. Furthermore 
it was concluded that the PL behaviour of Eu3+ in a cubic centre (fig. 4.17) under 
influence of UV laser was almost independent of the Eu2+ PL behaviour. This strongly 
disproves the assumption of Eu3+ being a capturing trap for an electron released from 
Eu2+. PL behaviour of Eu3+ in a thin film (presented in fig. 4.18) suggests that Eu3+ is not 
related to the process of Eu2+ ionisation. Also the PL behaviour of Eu3+ in a SL (as shown 
in fig. 4.17) suggests that the PL behaviour is independent of the PL bleaching of Eu2+. 
Hence the photobleaching of Eu2+ and the possible recovery of it should be explained 
without employing the cubic centre of Eu3+.  
 
These observations are somewhat similar to the photobleaching of Sm2+ in alkaline earth 
fluorohalides reported by Jang et al. [28]. They observed photobleaching of Sm2+ which 
can be best described as bi-exponential with respect to time while observing no increase 
of Sm3+ at the same time. They proposed the mechanism of photobleaching as, 
 
    ,SmSm 32   traptrap h  
or  
    .SmSm *22 traptrap h     
 
Either an electron released from Sm2+ is captured by a trap which binds to Sm3+ or 
excited Sm2+* emission is quenched by a defect centre and loses its ability to luminescent 
[28]. In either case no Sm3+ emission is expected. 
 
We propose a similar mechanism to describe the Eu2+ bleaching in connection with the 
presence of a trap. The modified PL bleaching of Eu2+ from (4.3.) can be written as, 
 
   ,EuEu,Eu 332   etrapCBtrap h tkB       (4.7) 
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where CB is conduction band of CdF2. Here Eu3+·trap- and Eu3+·e- are the complex centres 
of Eu3+ and an electron captured adjacent to Eu3+. Here we propose that an electron 
released from a Eu2+ (thus converting Eu2+ to Eu3+) is localised in close proximity under 
UV excitation. Prior to the formation of the complex centre, transfer of electrons take 
place in CaF2 (trapping) and captured by a trap. Also at the same time transfer of electron 
takes place through the conduction band of CdF2 (tunnelling) followed by localisation at 
the bottom of the conduction band as described in the previous sections. The nature of the 
complex centres can either be a quenching or luminescence centre. We have no 
knowledge of the nature of these complex centres in terms of optical transitions. Under 
the influence of the UV laser, however, we did not observe a creation and therefore 
enhancement of a Eu3+ centre other than already presented in SLs in monitoring optical 
transition wavelengths near the Eu3+ cubic centre. We further propose that electrons in the 
Eu3+·trap- and in the Eu3+·e- complex centres can be dissociated thermally. At elevated 
temperatures the electrons are expected to be released from the centres and recombine 
with Eu3+ giving Eu2+. Hence, depending on temperature, the above equation can be 
reversed by heating the host SLs.  
 
As a result, Eu2+ PL was restored by heating the SL (SL1647) to a temperature above 160 
K. Even by heating the SL to 20 K and cooling it back to 4 K, some recovery of the Eu2+ 
PL was observed. The results are shown in fig. 4.19. The blue line in the figure represents 
the PL bleaching of Eu2+ in another excitation spot at 4 K as a reference. It is evident that 
PL bleaching is persistent at low temperature. However when the SL is heated up to a 
higher temperature and cooled back to 4 K a temperature dependent recovery is observed 
(red line in fig. 4.19).  
 
A further analysis was carried out by plotting the PL growth against raised temperature as 
shown in fig. 4.20. Using a single exponential growth, the PL behaviour with respect to 
temperature, T, can be expressed as,  
 
  ,exp 


 
Tk
ENTPL
B
              (4.8) 
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where N is proportionality constant expressed in arbitrary unit and kB is Boltzmann’s 
constant 8.167 Χ 10-5 eV/K. Here E is the energy barrier for the localised electron in the 
Eu3+·trap- and the Eu3+·e- complex centres. The above expression gave a good agreement 
with the experimental data. The calculated value of the energy, E is 50 ± 10 meV. This is 
equivalent to the recombination energy which allows for electrons to release from the 
Eu3+·trap- and the Eu3+·e- complexes and to produce Eu2+. At high temperature, however 
all the complexes are expected to yield Eu2+.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.19. Photobleaching of Eu2+ in (CaF2:Eu)20ML-(CdF2)20ML SL (SL1647). The red curve shows PL 
bleaching of Eu2+ after heating to a series of higher temperatures and then cooling back to 4 K. The blue 
curve is shown as reference PL kept at 4 K at all times. 
 
The exponential fitting was improved by establishing additional potential energy barrier 
of the liberated electrons as shown in fig 4.21. Now (4.8) is modified as shown below, 
including the two energy barriers due to the possible nature of the PL bleaching,  
 
  .expexp 2211 


 


 
Tk
EN
Tk
ENTPL
BB
   (4.9) 
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Fig. 4.20. Exponential fitting of PL growth of Eu2+ with temperature (SL1647).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.21. Exponential fitting of PL growth of Eu2+ (SL 1647) with temperature using two energy potentials. 
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All the parameters and constants in (4.9) are already defined in (4.8).  A better thermal 
recovery fitting for Eu2+ was obtained using (4.9). The energy barriers using (4.9) are 
estimated to be 6.09 meV and 95.54 meV. As it stands the values obtained from the 
fitting does not distinguish between the Eu3+·trap- and the Eu3+·e- complexes. However it 
should be noted that thermal recovery of Eu2+ is originated from two different agents.  
 
The whole process of the PL bleaching and the thermal recovery of the Eu2+ can be 
summarised as follows; the UV laser generated the photoionisation of the Eu2+ in SLs 
followed by transfer of the electrons by means of tunneling and trapping. The electrons 
are then localized, either in conduction band of CdF2* layers or in CaF2, in the vicinity of 
Eu3+ and form complex centres. At low temperature, at the complex, the electron and the 
Eu3+ are separated by a potential barrier. When the SL is heated at sufficient temperature, 
the electron and the Eu3+ recombine to produce Eu2+.  
 
In summary, PL recovery of Eu2+ was optically confirmed by heating the SL up to ~180 
K and cooling it back to 4 K. The Eu3+·trap- and the Eu3+·e- complex centres were 
proposed as a metastable agent for electron capture from Eu2+. In these heterostructures it 
is assumed that electrons can be localised in both CaF2 and CdF2 layers in the vicinity of 
Eu3+. The detailed nature of the complex is yet to be investigated. The potential barriers 
separating the localised electron and the Eu3+ are calculated to be 6.09 meV and 95.56 
meV. One of which is the energy barrier for the Eu3+·trap- and the other energy is for the 
Eu3+·e- complex. However detailed assignment of the energy barriers is needed in future 
study.  
 
 
 
 
 
 
 
 
                                                 
* The localisation of electrons in the conduction band is understood as a localisation of electrons at the 
bottom of the conduction band where the band bending occurs. 
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Chapter 5 
 
 
Spectroscopy of trivalent Eu centres in symmetric 
CaF2:Eu-CdF2 superlattices 
 
 
 
5.1 Introduction 
 
This chapter concerns Eu3+ as defect centres in symmetric CaF2:Eu-CdF2 SLs. The 
definition of symmetric SLs in this study is that the thickness of CaF2 and CdF2 are 
identical within the technology uncertainty. For example a 20 ML thick SL consists of  20 
ML thick CaF2 layers and subsequent equally thick CdF2 layers deposited repeatedly 
throughout the whole SL. In the previous chapter it was mentioned that Eu3+ can either be 
pre-existing or produced from the photobleaching of the parent Eu2+ in CaF2:Eu host. 
Regardless of the origin of the Eu3+ it is very important to undertake laser spectroscopy of 
the Eu3+ centres as they have not previously been studied in such nano crystalline 
structures to be the best of our knowledge. Hence this chapter seeks to investigate 
fundamental similarities and differences in the spectroscopy of the Eu3+ centres in bulk 
and in nano crystals. In addition some physical models are proposed here to assist fuller 
understanding of the PL behaviour of Eu3+ centres in SLs. 
 
Previous spectroscopic investigations of CaF2 crystals doped with trivalent Eu3+ have 
been extensively carried out by many researchers and hence provide essential information 
to the current study. Especially with the advent of laser spectroscopic techniques Hamers 
et al. [1] were able to distinguish five major centres of Eu3+ in a CaF2:Eu (0.1%) crystal 
and established energy levels, lifetimes and branching ratios for the Eu3+ centres. The 
major centres are designated as A, O, P, Q and R in which the A is tetragonal, the O is 
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cubic, the P is unassigned and the Q and the R are cluster centres, respectively. Jouart et 
al. [2] investigated the cubic (O) centre extensively in  various hosts (CdF2, CaF2, SrF2 
PbF2 and BaF2) and provided fuller energy level configurations in the cubic centre. They 
also have shown that the crystal field strength depends upon the interionic distance 
between Eu3+ and various hosts. Also Eu3+ centres were used to study kinetics of the F- 
anion which is responsible for local symmetries and distributions of charge compensated 
Eu3+ centres [3, 4].  
 
Combined excitation emission spectroscopy (CEES) was employed in this study of SLs 
and thin films. Two major centres, the A and the O, and some minor centres are observed, 
with O the strongest. In addition to the well known centres a novel centre of Eu3+ in thin 
SLs is also revealed in high resolution CEES. This centre is designated as the I centre and 
has shown interesting PL behaviour upon thermal excitation, thickness of the host and 
additional UV excitation. In a 2 ML thick (CaF2:Eu)2-(CdF2)2 SL, for example,  the cubic 
centre is almost absent and the I centre was solely observed, whereas the O centre is 
dominant, having the I centre as a weak shoulder, in thick SLs. Based on these 
observations various models are considered to elucidate the nature of the I centre in this 
chapter.    
 
Section 5.2 discusses some physical models based on previous observations [5] of Eu3+ 
centres in CaF2:Eu-CdF2 and their anomalous temperature and thickness dependent PL 
behaviour. That section also discusses the influence of additional UV excitation on the PL 
behaviour of Eu3+ in SLs observed in the current study using an appropriate model. In 
section 5.3, crystal field calculations are carried out using an ‘f-shell’ program for the 
strongest O centre.    
 
 
5.1.1 Previous work 
 
Prior to this study, a collaborative investigation involving preliminary laser spectroscopy 
of Eu3+ centres in CaF2:Eu-CdF2 SLs was undertaken and reported in the Masters thesis 
of the author [5]. It is necessary to report the previous observations here so that some 
physical models proposed in the current study can be tested to assist in a fuller 
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understanding of the physical properties of CaF2-CdF2 SLs. The most significant 
observation from the previous work was the realisation of the novel I centre of Eu3+ in 
CaF2:Eu-CdF2 as shown in fig. 5.1. It only appeared in thin SLs using high resolution 
CEES. Its transition wavelengths are very close to that of the cubic centre. For the 
7F0→5D1 excitation of Eu3+, for example, the transition wavelength difference between 
those two centres is 0.05 ± 0.02 nm (1.8 cm-1). Similarly in the 5D0→7F1 emission, the I 
centre shows a blue shift of 0.22 ± 0.02 nm (6 cm-1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
Fig. 5.1. Contour plots of the Eu3+ cubic (O) centre in (a) bulk crystal, (b) 20ML thick SL and (c) 7ML 
thick SL. The I centre can be seen in (c) and also in (b) as a weak shoulder near the cubic centre. All spectra 
were recorded at ~ 4K. 
 
Despite the closeness of the I centre to the cubic centre in transition energies, it was 
concluded that the I centre has an axial symmetry. The basis for that conclusion was the 
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observation of splittings, appearing as weak shoulders, in both excitation and emission 
wavelengths particularly in 7F0→5D1 and 5D0→7F1 transitions. However those transitions 
for a cubic centre are not split indicating that the symmetries of Eu3+ in the cubic and the I 
centre are fundamentally different. The splittings are indicated as arrows in fig. 5.2. 
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Fig. 5.2. Contour plot of the I and the O centres in a 3 ML thick SL. Each grid line represents emission 
spectrum (top graph) and excitation spectrum (right graph) of the I centre. The splittings of the I centre in 
the emission and the excitation are indicated by arrows. 
 
It was proposed that the symmetry of Eu3+ defects deposited at the interface of CaF2-CdF2 
is influenced by the local environment for two reasons and hence the name I (‘interface’) 
centre. Firstly, at the interface, Eu3+ sees more Cd2+ ions than those in deeper layers in 
CaF2. Secondly, electrons in the conduction band of CdF2 are responsible for producing 
such an axial field. PL behaviour of the I centre was somewhat thickness dependent. 
From a 20 ML thick SL to a 2 ML thick SL, the PL intensity of the I centre increased 
monotonically relative to the PL intensity of the cubic centre. No thickness dependent 
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shift in the transition wavelengths was observed which suggests that the PL intensities of 
the Eu3+ centres are rather quantised upon the thickness of SLs.  
 
In temperature dependent PL, the I centre quenched lower temperature than the O centre 
at ~140 K. It was concluded that the electrons in the conduction band are delocalised due 
to thermal excitation and the electric field produced between the interface Eu3+ and the 
electrons are diminished at high temperatures. 
 
  
5.2 Discussions of CEES results for Eu3+ centres in symmetric 
superlattices 
 
Various aspects of CEES for Eu3+ centres, especially the I and the O centres, in 
symmetric SLs are discussed in this section. The following subsection discusses further 
investigation on the symmetry of the I centre by using polarised excitation and emission 
technique. Where the splitting in transition wavelengths became more apparent. As 
opposed to the earlier report [5], a more suitable symmetry assignment than ‘axial’ to the 
I centre is discussed. Based on the previous thickness and temperature dependent PL 
behaviour, corresponding models are proposed and fitted to the experimental results. Also 
observation of interesting PL behaviour provided by additional UV excitation to SLs is 
discussed with an appropriate model.    
 
 
5.2.1 Symmetry assignments of Eu3+ centres in symmetric CaF2:Eu-CdF2 
Superlattices 
 
Symmetry assignment of Eu3+ centres in CaF2:Eu-CdF2 SLs is relatively easy apart from 
the I centre. The assignments were assisted by comparing to the centres already observed 
by Hamers et al. [1]. As shown in fig. 5.3 a CaF2:Eu-CdF2 SL and a CaF2:Eu bulk crystal 
were investigated under the same excitation and emission wavelengths. Two centres of 
Eu3+ in a SL were chosen in order to compare with the centres in a bulk crystal. The 
tetragonal (A) and the cubic (O) centres were chosen due to the strong PL intensity. Their 
Chap. 5 Spectroscopy of Eu3+ in symmetric CaF2:Eu-CdF2 SLs 
 
70
 
transition spectra in the SL are compared with the A and the O centres in a bulk crystal 
and are shown in fig. 5.4 and fig. 5.5, respectively. Also the excitation and emission 
spectra of each center were added in fig. 5.4 and fig. 5.5 for clarification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3. Contour plots of (a) CaF2:Eu bulk crystal and (b) CaF2:Eu-CdF2 SL. The excitation took place via 
the 7F0→5D1 transition. The emission was from the 5D0→7F1 transition. All spectra were recorded at ~ 4K. 
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Fig. 5.4. Excitation and emission spectra of the tetragonal A centre in (a) bulk crystal and (b) in a SL. Each 
top graph of the contour plot represents corresponding emission spectrum and the right graphs are 
excitation spectra of each centre. All spectra were recorded at ~4 K. 
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Fig. 5.5. Excitation and emission spectra of the cubic O centre in (a) bulk crystal and (b) in a SL. Each top 
graph of the contour plot represents corresponding emission spectrum and the right graphs are excitation 
spectra of each centre. All spectra were recorded at ~4 K. 
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In particular, transitions involved with 7F0→5D1 excitation and 5D0→7F1 emission of Eu3+ 
were chosen from SLs to compare with the same transitions for Eu3+ in a bulk crystal. For 
SLs, the A centre was observed with a very weak signal, however it was confirmed as a 
tetragonal centre. Emission and excitation spectra were coincident with the A centre 
transition in bulk as reported previously [1, 6]. This also implies that charge 
compensation took place during the MBE growth. Similarly, the O centre was observed 
from SLs and confirmed by comparing its emission and excitation spectra with the cubic 
centre transition in bulk crystal. 
 
The PL intensity of Eu3+ from the O centre in SLs and in thin films was stronger than in 
the bulk crystal. This is possibly due to high dopant concentration of Eu3+ in these SLs 
and thin films. It is well known that the cubic centre concentration increases relative to 
other single Eu3+-F- paired centres, such as the A centre, with increased dopant 
concentration [1, 3]. A typical concentration of ~ 0.3% of Eu defects was used in the 
growth of the SLs and thin films. The bulk crystal used in this study contains 500 ppm 
(0.05%) of Eu. Hence the cubic centre is expected to be increased in the SLs and thin 
films.  
  
It is the crystal directions of the interstitial F- charge compensator which determines the 
local symmetry of Eu3+ defects. The symmetry of the A centre is tetragonal as the 
interstitial F- occupies the centre of the neighbouring cube in a [100] direction. The 
symmetry of the O centre is cubic with the interstitial F- remote from the Eu3+ site. 
Similarly an interstitial F- could also occur in a [111] direction giving a trigonal symmetry, 
however this centre is not observed in bulk CaF2:Eu or in SLs. It is well known that the 
trigonal centre is not observed for small dopants such as Eu in a CaF2 host [4]. The 
trigonal symmetry is observed for heavier ions. 
  
The bulk crystal did not provide any comparison for symmetry assignment of the I centre. 
For that reason polarisation anisotropy was studied for the I centre to elucidate the local 
symmetry of the Eu3+ defect. The experimental set up is illustrated in fig. 5.6. The sample 
inside the cryostat was rotated so that the surface normal of the sample was ~50º away 
from the surface normal of the cryostat window. In such a configuration the dye laser 
excitation was incident on the sample in a glancing angle with the E vector polarisation 
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c-axis [111] 
Polariser 
Sample 
Analyser 
Cryostat 
either perpendicular or parallel to the c axis of the sample. In fact when the E vector is 
said to be parallel, denoted by an arrow, to the c axis, it means that dominant component 
of the vector is parallel to the c axis. The magnitude of the component can be as large as 
90%, but it never reaches to 100% due to the geometrical limit. When the polarisation of 
the laser is rotated by 90º, represented by a circle in fig. 5.6, it makes the incident 
polarisation perpendicular to the c axis regardless the incident angle. Similarly collection 
of PL of Eu3+ can also be polarised by using an analyser in the collection path. The 
analyser only allowed PL that is either polarised perpendicular (circle) or parallel (arrow) 
to the c axis of the sample. Again, a component of the polarisation of the analyser is 
parallel with the c axis due to the geometry.        
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.6. Schematic (top view) of the polarisation anisotropy set up. Note that the circle inside the polariser 
indicates that the E vector of the laser is pointing out of the page. Similarly the circle inside the analyser 
indicates that only that vector of emission is allowed. The arrows indicate the opposite polarisation with the 
E vector rotated by 90º.     
 
Notations of π and σ were used to describe polarisation of the laser and the analyser. π-
polarised excitation is for the E vector parallel to the c axis (E||c [111]) of samples and σ-
polarised excitation indicates the E vector is perpendicular to the c axis (E⊥c [111]). In a 
similar sense the π-polarised analyser allows collection of emission that is polarised 
parallel to the c axis and the σ-polarised analyser allows emission that is polarised 
perpendicular to the c axis. As a result, further splitting of the 5D1 and 7F1 energy levels 
Chap. 5 Spectroscopy of Eu3+ in symmetric CaF2:Eu-CdF2 SLs 
 
75
 
of Eu3+ in the I centre were observed provided by polarised excitation and emission. It 
should be noted that the polarisations are expressed with respect to the E vector for the 
experimental convenience (fig. 5.7). To demonstrate the transition polarisation nature for 
the I centre, it should also be noted that π is expressed as σ΄ and σ to π΄ where the ‘prime’ 
is used for an indication of the magnetic vector in the case of transitions of the I centre  
allowed through magnetic dipole (fig. 5.8).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7. Contour plots of polarised CEES on a 3 ML SL (SL 3173).  Four combinations of polarisation in 
excitation and emission are considered: (a) π-polarised excitation and emission; (b) π-polarised excitation 
and σ-polarised emission; (c) σ-polarised excitation and π-polarised emission; (d) σ-polarised excitation 
and emission. All spectra were recorded at ~4 K. Note that the polarisations are expressed with respect to 
the polarisation of the E vector. 
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Cubic (Oh) Trigonal (C3v) 
π΄ 
= 
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π΄ 
= 
σ 
σ, 
σ΄ 
= 
σ, 
π 
σ, 
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= 
σ, 
π 
5D1(T1g) 
5D0(A1g) 
7F1(T1g) 
7F0(A1g) A1g 
A1g 
A2g(Eg)
Eg(A2g)
Eg(A2g) 
A2g(Eg)*
As shown in fig. 5.7(c), a splitting in the 5D1 level is revealed under σ-polarised (π΄) 
excitation but not under π-polarised excitation (fig. 5.7(a)). Also a splitting in the 7F1 is 
observed under σ-polarised (π΄) emission. The cubic centre is not affected by polarised 
excitation and emission and hence confirmed to be cubic symmetry.  
 
Based on the polarisation anisotropy of the I centre one can construct a polarisation 
assignment to the energy levels of Eu3+ as shown in fig. 5.8. It is instructive to notice that 
the splitting (regardless the magnitude) of the energy levels provided by polarised 
excitation and emission are exactly matching with the expected polarisation selection 
rules for the trigonal (C3v) symmetry which is also represented in table 5.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.8. Energy levels and polarisation assignments for optical transitions of Eu3+ in cubic and C3v 
symmetry. The energy levels are not drawn to scale.  
*The values inside the brackets are the polarisation assignments for a distorted O centre in thick SLs as 
discussed in later section. 
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Table 5.1. Polarisation transition selection rules for Eu3+ ion in the C3v symmetry. The prime indicates the 
magnetic dipole transitions 
 
C3v A1g (1) A2g (2) Eg (3) 
A1g (1) π  (π΄) σ (σ΄) 
A2g (2) (π΄) π σ (σ΄) 
Eg (3) σ (σ΄) σ (σ΄) π, σ (π΄, σ΄) 
 
In C3v symmetry of Eu3+, the 5D1 and 7F1 levels (J = 1) are split into two levels [7]. As 
discussed in chapter 2 these levels are identified with irreps of A2g and Eg. However the 
5D0 and the 7F0 remain unsplit (A1g). In the 7F0 → 5D1 transition of Eu3+ in C3v symmetry, 
provided by σ-polarised excitation, the A2g level is excited. It should be corrected, 
according to the selection rules, the A1g → A2g transition is only allowed through 
magnetic dipole process. Hence the polarisation should be denoted as π΄ knowing that σ 
and π΄ are orthogonal. For the A1g → Eg transition, two transitions are allowed through 
magnetic (σ΄) and electric (σ) dipole processes. Here σ΄ is re-written as π. This explains 
why we observe the dominant I centre under both polarisations of excitation light. Hence 
the weak shoulder appearing in the excitation wavelength is assigned as A2g while the 
dominant peak is assigned as Eg. The same selection rules are invoked for the emissions 
and the results are the same. Hence the symmetry assignment for the I centre is most 
likely to be trigonal C3v.  
 
The energy separations in the 5D1 and in the 7F1 splittings were extracted by projecting 
Gaussian curves beneath the emission and the excitation spectra of the I centre. Multi 
peak fitting from Igor Pro was used and the fitting results are shown in fig. 5.9. The 
energy separation in the 5D1 splitting was obtained by resolving three peaks under the 
excitation spectrum shown in fig. 5.9(d). As the I centre and the O centre were 
energetically very close to each other, including a peak representing the cubic transition 
gave a more precise fit. The position of the cubic excitation peak was found beforehand 
and was fixed during the fitting.  The resulting energy level splitting in the 5D1 level is 2.5 
cm-1. Similarly for the 7F1 level, using two peaks in the fitting, the splitting of that level is 
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discussed in chapter 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.9. Polarisation anisotropy of Eu3+ in trigonal symmetry (C3v) for (a) polarised excitation and (c) 
polarised emission. Multi peak fitting from Igor Pro was used to determine the PL position of the weak 
shoulders appearing in (b) emission and (d) excitation. Note that three Gaussian curves were used in (d) for 
better fitting. Cubic transition was included in the fitting as the transitions were too close to each other 
(refer to fig. 5.7(c)).  
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It is instructive to address the possible role of Cd2+ ions in the formation of the interface 
centre which only seems to be present in SLs. In the consideration of Cd2+ ions in the 
vicinity of Eu3+, the energy levels of the I centre are shifted from the O centre due to a 
different symmetry caused by Cd2+ ions at the interface. In fact, at the interface there are 
three neighbouring Cd2+ ions seen from a Eu3+ ion whereas a cubic Eu3+ sees twelve Ca2+ 
cations. Jouart et al. [2] reported the transition energy level (5D1) for the cubic centers 
respectively in CaF2 and CdF2 as 19,030 and 19,023 cm-1 which show a 7 cm-1 shift when 
all 12 cations around the Eu3+ are changed from Ca2+ to Cd2+. In fact 3/12 of this shift is 
1.8 cm-1 which is very close to the observed shift which is observed as 1.8 ± 1.4 cm-1. On 
the other hand, the 5D0 → 7F1 emission transitions for the cubic centers in the two pure 
crystals are within ± 1 cm-1 whereas here we observe an emission shift for the I and the O 
centre of 6 ± 1 cm-1 [8]. Hence the symmetry change due to  Cd2+ ions is not believed to 
be sufficient to explain the shift of transition energies. 
 
A more convincing scenario is the possible role of electrons in the vicinity of Eu3+. It was 
suggested in chapter 4 that PL growth of the Eu3+ in cubic centre under UV excitation at 
low temperature is related to transfer of electrons. The basis of that assumption is valid 
through an existence of electron charge compensated centre of Eu3+. The transfer of the 
electrons suggested is thought as delocalisation of charge compensating electrons which 
only have mobility at low temperature. The electrons either in CaF2 or in the conduction 
band of CdF2 are possibly subject to charge compensation. In fact, Kingsley and Prener 
[9] have reported that charge compensation can be provide by electrons in the conduction 
band or in shallow traps in the case of trivalent lanthanoids doped in CdF2. It is quite 
possible for electrons, whether they are in conduction band of CdF2 or in traps of CaF2, 
are responsible for charge compensation. As a result, deformation of the cubic centre due 
to extra charge is expected by the presence of electron in the vicinity of an otherwise 
uncompensated Eu3+. For that reason the I centre is quite possibly formed by electron 
charge compensation. Hence this centre is expected to exhibit PL bleaching connected 
with the PL increase of the cubic Eu3+. In the following sections delocalisation of 
electrons and therefore transformation of the I centre to the O centre is discussed.   
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 In addition to the I centre energy level splitting, the cubic centre also shows possible 
splittings under polarised excitation and emission spectra. Such a splitting is not observed 
for thin SLs. Two thick SLs (CaF2:Eu)20-(CdF2)20 were chosen and investigated in the 
same way as the polarisation anisotropy was studied for thin SL (as shown in figs 5.7 and 
5.9). In the investigated SLs, both consisting of 20 ML thick CaF2 layers, the cubic centre 
was split in σ-polarised excitation (E⊥c [111]) and emission. The CEES for one of the 
sample is shown in fig. 5.10. 
 
 
 
Fig. 5.10. CEES of Eu3+ in a cubic centre in (CaF2:Eu)20-(CdF2)20 SL. (a) σ-polarised excitation and π-
polarised emission and (b) π-polarised excitation and σ-polarised emission. The expected transition 
wavelengths of the I centre are indicated by a dashed circle. All spectra were recorded at 4 K. 
 
It should be noted that, compared to the splitting observed for the I centre, the degree of 
splitting of the O centre is different and the level assignment is opposite. The splittings 
are further analysed by multi peak fittings, as shown in fig. 5.11, and the values are 
obtained as 1.38 cm-1 and 6.4 cm-1, respectively for in the 5D1 and the 7F1 multiplets. For 
comparison the I centre splittings are 2.5 cm-1 and 13.2 cm-1. The degree of the splitting 
for the O centre is around half that of the I centre. It was also found that the doublet (Eg) 
is higher in energy in the 5D1 and the 7F1 multiplets as opposed to the I centre. It is hard to 
believe that a charge-compensating electron is the major cause of the splitting. In fact, 
one can see a weak shoulder appearing near to the O centre in the longer excitation and 
the shorter emission wavelengths at which the I centre was observed from thin SLs (fig. 
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5.10). Hence apart from the already existing I centre, the cubic centre is further perturbed 
by the additional crystal environment. The fact that the splitting in the O centre is 
associated with the thick SLs suggests that the splitting is associated with strain of the 
SLs [10]. The XRD data for the SLs have shown that there is possible deformation of the 
crystal structure from cubic to lower symmetry structure in SLs [10]. Hence the reduction 
of the symmetry is influential for the splitting of the cubic centre.  
 
 
 
 
Fig. 5.11. Multi peak fitting results of the splitting of the O centre in (a) excitation and in (b) emission 
spectra. The doublets are energetically higher than the singlet for both 5D1 and the 7F1 multiplets. 
 
By examining table 5.1, the polarisation selection rules for the ‘distorted’ cubic 
transitions are consistent with the C3v symmetry. The weak splitting of the O centre in σ 
polarisation is considered as a singlet (A2g) which is an allowed transition through 
magnetic dipole (π΄). The dominant O centre transition is then doublet (Eg) which is 
allowed in both polarisations (fig. 5.8). However the transitions for the singlet are 
forbidden in either σ΄ (π) polarised excitation or emission.  Based on these observations 
we conclude that the symmetry of the distorted O centre is best described as a C3v. 
 
In section 5.3, the splitting of the O centre is considered as a result of the distortion of the 
crystal structure of the SLs. The values of the splitting are used in calculation of the 
appropriate crystal field parameters.  
 
 
Chap. 5 Spectroscopy of Eu3+ in symmetric CaF2:Eu-CdF2 SLs 
 
82
 
5.2.2 Thickness dependence of Eu3+ centres in CaF2:Eu-CdF2 superlattices 
 
As described in section 5.1, PL of the I centre has shown anomalous behaviour on 
varying thickness of CaF2-CdF2 SLs. As shown in fig. 5.12, the PL intensity of the I 
centre is very sensitive to the thicknesses of the host CaF2 layers. It was observed that 
transition wavelengths of the I centre, relative to the cubic centre, were not changed while 
its PL intensity changed with the thickness. In other words no change in PL wavelengths 
between the I centre and the O centre is observed. This suggests that the PL intensity is 
quantised by the thicknesses of SLs and also rules out the possibility that I centre is 
derived from O centre due to the thickness changes in SLs. Moreover in a 2 ML thick SL, 
the I centre was dominant while the cubic centre was almost undetectable (see also fig. 
5.14).  
 
 
 
Fig. 5.12. High resolution CEES of symmetric SLs with different CaF2-CdF2 thicknesses (a) 5ML (b) 3ML 
and (c) 2ML. All spectra were recorded at 4K. 
 
In this subsection PL intensities of the I and the O centre were compared with respect to 
the thickness of various SLs. This was carried out by selecting elements of the raw data 
matrix which projects both peaks of the I and the O centres as shown in fig. 5.13. Then 
the profiles of emission and excitation can be re-plotted. Multi peak fitting using Igor Pro 
enabled peak values of the I and the O centres to be found. Fig. 5.14 shows PL intensities, 
as well as Gaussian fittings, of the I and the O centres in various SLs hosts of different 
thickness.   
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Fig. 5.13. Profile of emission and excitation spectra of a 7 ML SL (SL3172). Two Gaussian peaks were 
used to resolve the PL spectrum linking the I and the O centres. The top graph shows the emission profile of 
the I and the O centre with two Gaussian peaks beneath the PL spectrum and the right graph shows the 
excitation profile of the centres.  
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Fig. 5.14. Gaussian fittings of profiles of the 
CEES from various SLs. For all fittings two peaks 
were used representing the I centre and the O 
centre. Fittings were carried out for various 
thicknesses of CaF2 layers; (a) 20 ML, (b) 7 ML, 
(c) 5 ML, (d) 3 ML and (e) 2 ML thick SL’s. All 
spectra were recorded at ~4 K.  
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As a result, the PL intensities of both centres were significantly influenced by the 
thickness of the hosts. For example, in a 20 ML thick SL, the I centre appeared as a weak 
shoulder relative to the O centre (fig. 5.14(a)), however this was reversed in a 2 ML thick 
SL (fig. 5.14(e)). Based upon the observations it was realised that the PL intensities of the 
I (PLI) and the O (PL0) centres, at low temperature, can be written in terms of the layer 
thickness, D, as , 
 
  ,2 NDPLO   
,2NPLI                    (5.1) 
 
where N is the number density of excited Eu3+ ions equally distributed in CaF2 layers. 
This is because the formation of the I centre is only possible at the top and at the bottom 
of the CaF2 layers regardless their thickness. It is schematically shown in fig. 5.15 that the 
1st and the Dth layers are responsible for the formation of the I centre. The layers between 
the 2nd and the (D-1)th layers are believed to contain normal cubic centre. 
 
Fig. 5.15. Diagram of Eu3+ deposition in a D ML thick SL. The I centre is only formed at the 1st and the Dth 
layers of CaF2. The normal cubic (O) centre forms between the 2nd and the (D-1)th layers.  
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For example, in a given SL which is 10 ML thick, the proportion of Eu3+ ions that 
contribute to the I centre is 0.2, and 0.8 is the proportion of Eu3+ that are contributing to 
the cubic emission. Hence the PL ratio between the O and the I centre is readily expressed 
in terms of MLs. One can modify (5.1) by introducing a proportionality constant, C and 
then the PL ratio becomes as below 
 
   .2,
2
2  DBCD
PL
PL
I
O             (5.2) 
 
Here B is not fixed at zero as the cubic centre is still detectable from a 2 ML thick SL. 
According to equation (5.2) a linear relationship of PL ratio between the O and the I 
centre with the thickness of SLs is expected.  
 
 
 
 
 
 
 
Fig. 5.16. PL ratio between the I centre and the O centre with respect to the thickness of CaF2-CdF2 SLs. 
The thickness is expressed in ML with technological uncertainty of ± 1 ML. Linear fitting was also carried 
out using (5.2) and the fitting coefficients are shown in the inset.  
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Fig. 5.16 shows a good fitting result of (5.2) with experimental data with χ2 value of 
0.18709. The error bars are provided by the technological limit of ± 1 ML thickness 
control in MBE growth. Here 1 ML is defined to be a complete F-Ca-F layer grown on Si 
[111] substrate [11, 12] whose thickness is 3.15 Å [12]. Also the errors in the PL ratios 
are found by evaluating intensity difference between the raw data and the fitted value at 
each peak. It should be noted that the 20 ML SL has a larger uncertainty in the PL ratio 
due to the resolving limit of the peaks. Additional fitting which exclude the 20 ML data 
point in fig. 5.16 also gave the same fitting results. Hence the 20ML SL is well inside the 
trend of the rest of the samples. The above relationship confirms that the PL intensity 
ratio between the O and the I centre is quantised with the thickness of CaF2 layers. The 
possible number of layers that contain the I centre of Eu3+ is fixed as two regardless of the 
SL thickness. These layers are described as the first and the last layers, or, the top and the 
bottom layers of the given CaF2 layers. The crystal environment of these interface layers 
is obviously different in comparison to the layers deposited in the middle (from the 2nd to 
the (D-1)th layers) of the CaF2.  
 
 
5.2.3 Temperature dependence of Eu3+ photoluminescence in CaF2:Eu-CdF2 
superlattices 
 
As mentioned in section 5.1, the PL behaviour of the I centre with temperature is 
somewhat different to the cubic centre. To follow up the previous observation that the PL 
intensity of the I centre quenched faster than the O centre, an electron delocalisation 
model was proposed. It was first assumed that the electrons are responsible for the 
formation of the I centre. In fact, Kingsley and Prener have reported that electrons in the 
conduction band or in shallow traps can be act as charge compensator in CdF2 [9]. Similar 
to the latter case, the existence of traps inside the CaF2 host, was not considered 
previously [5], however, it should be considered here. Following chapter 4 some electrons 
are likely to be trapped inside CaF2 layers. Hence the electrons trapped in the vicinity of 
the interface Eu3+ ions possibly result in charge compensation. The lower crystal 
symmetry of Eu3+ centre at the top and the bottom of CaF2 layers is likely provided by a 
localised electron along the [111] axis as schematically shown in fig. 5.17. These 
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electrons are provided by ionisation of the Eu2+ excited state as described in the previous 
chapter and reported by the collaborators elsewhere [13-15]. However as described in 
chapter 4, there is lack of experimental evidence that the released electrons are 
contributing to the charge compensation. Regardless of their origin, the electrons are not 
localised in the vicinity of those Eu3+ ions in the middle of the CaF2 layer leaving Eu3+ 
centres uncompensated.  
 
It was further assumed that the electrons are localised at the bottom of the conduction 
band of CdF2 and become a bound state at low temperature having binding energy, Eb. 
Similarly the same situation holds for the trapped electrons in the CaF2 layer. The bound 
electrons are said to be delocalised when they gain sufficient energy by thermal excitation. 
Upon this delocalisation the electric field produced between the bound electron and the 
Eu3+ no longer holds. This eventually makes no difference in terms of charges 
surrounding Eu3+ ions between cubic and interface (trigonal at low temperature) centres. 
One might therefore expect to see transformation of the I centre into the O centre at 
elevated temperatures. The observed CEES results of the I and the O centres with 
different temperatures are shown in fig. 5.18.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.17. Schematics of conduction band electrons vicinity to the Eu3+ ions deposited at the 1st and the Dth 
layers of CaF2. 
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Fig 5.18. Contour plots for a 5ML symmetric SL (SL3172) at various temperatures; (a) 4 K, (b) 60 K, (c) 
100 K, (d) 160 K, (e) 180 K and (f) 240 K. 
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The two centres are clearly distinguishable at low temperature. However the PL intensity 
of the I centre showed faster quenching, apparent from 100 K, than the cubic centre (fig. 
5.18 (c)). The cubic centre remained detectable at 260 K and even up to room temperature 
while the I centre was completely quenched (fig 5.17(f)). It seemed that the PL intensity 
behaviour of the I centre was influenced by thermal excitation. When the same thermal 
relaxation, due to depopulation of the ground state, was considered for both centres the 
faster decreases of the I centre supports the idea of the delocalisation of the electrons. In 
other words, the electrons are freed from the bound state and the crystal field of the Eu3+ 
at the interface is somewhat restored to cubic. Consequently, this would cause the PL 
intensity of the I centre to decrease with raised temperatures. In addition the PL intensity 
of the O centre is then expected to be fed by the decrease of the I centre at higher 
temperature. Thus the decomposition of the I centre provided by the electron 
delocalisation model would lead to increase of the O centre.    
 
Under this model the variation of the PL intensity of the I centre with respect to 
temperature, T, can be written as below     
 
 .exp12)(
B
b TR
Tk
ENTPLI 






             (5.3) 
 
Here N is defined in (5.1) and kB is Boltzmann’s constant. A temperature relaxation term, 
R(T) is introduced accounting for depopulation of the ground state of Eu3+ due to thermal 
excitation. Eb is the binding energy of electron localised at the bottom of the CdF2 
conduction band and in the CaF2 layers. The factor of 2 in (5.3) represents the portion of 
Eu3+ ions exposed to the electron-induced interaction (the 1st and the Dth layers in fig. 
5.17) in trigonal symmetry. On the other hand, the PL increase of the O centre can be 
similarly written as below, 
 
       ,exp22
B
b TR
Tk
EDNTPLO 






        (5.4) 
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where D is the thickness of the CaF2 layers expressed in ML. The same amount of PL 
decay from the I centre is added to the PL intensity of the O centre. Assuming that the 
temperature relaxation term is the same for both centres and the N is uniform among the 
layers, one can express the PL intensity ratio of the O and the I centres with respect to 
temperature, T, as below, 
 
   .1/exp12 



 TkE
D
PL
PL
BbI
O            (5.5) 
 
The binding energy can be found by plotting the PL ratio of the O and the I centre with 
respect to temperature. A similar analytical technique was used as that described in 
section 5.2.2 (fig. 5.14). The peak values were again obtained by performing two 
Gaussian fits using Igor Pro. The fitting result for a 5 ML thick SL (SL3172) is shown in 
fig. 5.19. During the evaluation, broadening was ignored as the integrated intensities 
ratios gave similar results as the PL intensity ratios at each temperature. Hence the peak 
values after fitting were considered for the model. The residuals of the fitting at the peak 
positions were taken as uncertainties in the PL intensities of each centre. In general, the 
fitting became very hard or impossible to perform at high temperatures with two Gaussian 
curves (T > 260 K). As a result, large uncertainties were obtained for the I centre at high 
temperatures.  
 
Multi peak fittings were carried out for three SLs having different thicknesses; 3 ML, 5 
ML and 7ML thick SLs. Subsequently the PL ratios of the O and the I centres were 
plotted against temperatures as shown in fig. 5.20. Theoretical fittings using (5.5) are also 
presented. In general, the electron delocalisation fittings and the experimental data agreed 
throughout the whole temperature region. For each calculation, D and Eb were varied in 
order to yield the minimum χ2. The calculated value, D, for the 3 ML thick SL (SL3173) 
is 4.1 ML which is allowed by MBE technology limit. For the 5 ML (SL3172) and 7 ML 
(SL3178) thick SLs the parameter D values were (5.6 ± 0.3) ML and (5.2 ± 0.2) ML, 
respectively making them indistinguishable. Again these are allowed by MBE roughness. 
According to (5.2), the 5 ML and the 7 ML thick SLs are best described as equally thick 
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as their PL ratios are the same at 4 K. Alternatively non uniform thickness distribution 
might have caused this result which giving a similar PL ratios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.19. Multi peak fitting of the I and the O centres of Eu3+ in a 5ML SL (SL3172) with various 
temperatures. 
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Fig. 5.20. Fitting of the electron delocalisation model to the experimental data. Three samples were used; 
(a) 3 ML thick SL, (b) 5ML thick SL and (c) 7 ML thick SL. Note that the data point at 260 K in (c) was 
ignored in calculation. 
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It is instructive to notice that the binding energies are not the same for all samples. For 
example the binding energy for trapped electrons in a CaF2-CdF2 SL that has a thickness 
of 3 ML is larger than that for 5 ML or 7 ML thickness. The calculated binding energy, Eb, 
for the 3 ML thick SL is (21.4± 0.7) meV. The binding energies for the 5 ML and the 7 
ML thick SLs are given by (16 ± 2) meV and (15 ± 2)meV, respectively. This reflects 
that the binding energy for layers of similar thickness are the same however the binding 
energy becomes different as the thickness of layers varies. Note that the data point at 260 
K for SL3178 (fig. 5.20 (c)) is ignored in calculation as it does not follow the trend. It 
was felt that a low signal to background ratio limited the multi peak fitting in this 
particular case.  
 
The temperature dependence of Eu3+ PL in a 2 ML thick SL (SL1885) was also 
investigated. No direct evidence of an I → O centre transformation was observed to 
support the electron delocalisation model. However multi peak fitting was carried out 
since the weak shoulder, as shown previously (fig. 5.14 (e)), which thought to tbe the O 
centre, was detected in longer emission wavelength and shorter excitation wavelength 
from the I centre in CEES. Judging from previous multi peak fittings (fig. 5.19) the PL 
position of the O centre did not shift with temperature. Hence one of the Gaussian curves 
was fixed at the O centre emission wavelength during the multi peak fitting and some of 
the fittings are shown in fig. 5.21 for example. The thermal relaxation of the centres 
however limited the measure of peak intensity values at high temperatures. As a 
consequence peak values of the centres up to only 170 K were obtained. 
 
Again equation (5.5) was applied to the results from the multi peak fitting for SL1885 as 
shown in fig. 5.21 (a). As a result, D is calculated as (2.37 ± 0.01) ML and the binding 
energy, Eb is calculated as (31 ± 1) meV. The binding energy is greater than that of the 3 
ML thick SL. The calculated electron delocalisation model is also represented in fig. 5.22 
for a comparison (b).   
 
The binding energies for these SLs evidently show an inverse proportionality to the 
thickness of SLs. The binding energies, Eb and the layer thicknesses, D for the 
investigated SLs are summarised in table 5.2. It was suggested that possible size 
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confinement of the CaF2-CdF2 SL might have caused such increase in the binding energy 
with reducing thickness. Whether electrons are trapped in the conduction band of CdF2 or 
trapped within the CaF2 crystal, the binding energy is somewhat influenced by the 
physical size of the SLs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.21. Multi peak fitting results for the 2 ML thick SL (SL1885) with respect to temperature. Note that 
PL position of the O centre was fixed during the fitting process. 
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Fig. 5.22. (a) The PL intensity ratio of the O and the I centre of Eu3+ in a 2 ML thick SL (SL1885). The 
electron binding energy using (5.5) is displayed in the inset. (b) Calculated PL intensity ratios if the O and 
the I centres with respect to temperature. The values inside brackets are provided by calculation which gave 
the least χ2 fit to the experimental data.  
 
Table 5.2. Summary of thicknesses and binding energies of SLs using (5.5). 
 
Superlattices
Normal 
thickness 
Corrected thickness, D 
(ML) 
Binding energy, Eb  
(meV) 
SL3178 7 5.2 ± 0.4 15 ± 2 
SL3172 5 5.6 ± 0.3 16 ± 2 
SL3173 3 4.1 ± 0.1 21.4 ± 0.7 
SL1885 2 2.37 ± 0.01 31 ± 1 
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There is still an unanswered question as to whether these binding energies are dependent 
on the thickness of CaF2 layers or CdF2 layers or even both. For that reason a growth of 
asymmetric SLs (ASLs) was proposed. For example, SLs of (CaF2:Eu)2-(CdF2)4 and 
(CaF2:Eu)4-(CdF2)2 will allow further investigation of binding energy with thicknesses. In 
either SL, for instance, the binding energy could reflect either a symmetric (CaF2:Eu)2-
(CdF2)2 SL or a (CaF2:Eu)4-(CdF2)4 SL. This might not only reveal the nature of the 
binding energy, but also reveal the location of the charge compensating electrons with 
certainty. The electron delocalisation model is applied to ASLs and discussed in the 
following chapter. 
 
 
5.2.4 PL behaviour of Eu3+ centres under additional UV excitation 
 
Following the previous subsection, delocalisation of the charge-compensating electrons 
was investigated by means of optical excitation. The 325 nm line from a He-Cd laser was 
employed to excite SLs additionally on top of the dye laser excitation. Corresponding PL 
behaviour of the I and the O centres under additional UV excitation is reported here. As 
this was done at low temperature, the monitoring of peak intensities of the I and the O 
centres was easier with the thermal relaxation and broadening minimised. It was first 
confirmed that, in the absent of dye laser excitation, UV excitation did not directly excite 
of the Eu3+ centres. The effect of the UV laser was only evident when Eu3+ ions are 
simultaneously excited by the dye laser. In general, all SLs (except for the 2ML one) 
showed increase in PL intensity from the cubic centre and decrease from the interface 
centre, during UV excitation. Fig. 5.23 and 5.24 show the PL intensity behaviour of the I 
and the O centres in the 3 ML thick SL (SL3173) and their multi peak fittings, 
respectively. The dye laser and the UV laser were incident onto the same spot of the SL 
and CEES was performed three times; before UV, during UV and after UV excitation. In 
this particular SL, UV excitation caused a PL intensity decrease of 20% in the I centre 
from its initial state (fig. 5.24(a)). On the other hand, there was 38% increase for the O 
centre (fig. 5.24(b)). Upon ceasing UV excitation the PL intensities of the centres almost 
returned to their initial values (fig. 5.23(c)). It was observed that UV excitation does not 
destroy the I centre completely and the decrease of the I centre is not persistent.  
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Fig. 5.23. Contour plots of the 3 ML thick SL (SL3173) before, during and after additional UV excitation 
on top of the 7F0 → 5D1excitation and the 5D0 → 7F1 emission at 4 K.  
 
 
 
 
 
Fig. 5.24. Multi peak fitting of the I and the O centres in SL 3173; (a) before, (b) during and (c) after the 
UV excitation.  
 
The time dependence effect of the UV excitation was studied by monitoring the peak PL 
intensity of each centre. The dye laser excitation was fixed at the I centre transition 
wavelength while UV excitation was controlled by a programmed shutter opened and 
closed sequentially. Once the monitoring was finished then the dye laser was tuned to the 
O centre transition, without moving the laser incident spot for either laser, and the 
monitoring continued using the same period for the mechanical shutter. The PL signals 
from each centre were selected by a SPEX 1700 spectrometer and were recorded by a 
PMT. Also the background was recorded to be subtracted from the raw data. Fig. 5.25 
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shows the observed monitoring of both centres in various SLs with respect to time of the 
UV exposure and recovery.   
 
The successive monitoring of the I and the O centres in various SLs under additional UV 
excitation showed a very rapid PL intensity change when UV was incident onto SLs 
however upon stopping the UV excitation, PL behaviour was time dependent. For 
example, the PL intensity increase of the O centre in a 7 ML thick SL (SL3178) on UV 
excitation was almost step-like whereas the PL decrease of the same centre after UV 
excitation was stopped was best described as an exponential decay (fig. 5.25(a)). 
Similarly for the I centre the PL decrease immediately after UV excitation was almost a 
step function. However the recovery of PL intensity of the I centre was a rather slow 
process. It was also observed that the PL behaviour, for all investigated SLs, was repeated 
many times until gradual decrease of the PL signal due to the dye laser drift occurred. 
One can see clearly that the decrease of the I centre does not lead to 1:1 increase of the O 
centre provided by UV excitation. In addition the amount of PL decrease when the UV 
excitation was turned on was different in all SLs. It was observed that the PL decrease 
was smaller for thinner SLs.  
 
In chapter 4 it was initially suggested that PL increase of the O centre is due to 
transformation of Eu2+ in a cubic centre into Eu3+ in that centre by an ionisation process. 
The above SLs, however, did not show any Eu2+ PL and hence no such decay of Eu2+ 
emission under UV excitation was observed. Yet increase of Eu3+ PL intensity in thin SLs 
under UV excitation was observed. Clearly the increase of the O centre is not fed by a 
decrease of divalent Eu. It is rather due to decrease of the I centre concentration. Fig. 5.25 
evidently shows that the PL responses for both centres are repeatable. For instance, when 
PL of the O centre increases, that of the I centre decreases. Alternatively, when the O 
centre recovers its original intensity the I centre also recovers. However this is not the 
case for the Eu2+ and Eu3+ problem. The PL intensity of Eu2+ does not recover to its initial 
value (see fig. 4.17) while Eu3+ repeated in the pattern shown in fig. 5.25. Hence the PL 
behaviour of Eu3+ upon UV excitation discussed in chapter 4 is not related to a Eu2+ → 
Eu3+ transformation. 
 
Chap. 5 Spectroscopy of Eu3+ in symmetric CaF2:Eu-CdF2 SLs 
 
100
 
1.8
1.6
1.4
1.2
1.0
0.8
6004002000
Time of UV Illumination (s)
c (3 ML)
1.4
1.2
1.0
0.8
N
or
m
al
is
ed
 P
L 
In
te
ns
ity
 (a
. u
.)
6004002000
b (5 ML)
1.2
1.0
0.8
0.6
6004002000
On Off OffOn
 O centre
 I centre
a (7 ML)
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.25. The PL intensity monitoring of the I and the O centres in (a) 7 ML thick SL, (b) 5 ML thick SL 
and (c) 3 ML SL under the influence of additional UV excitation. Peak intensities were recorded by a PMT.  
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In general, assuming the thicknesses of the investigated SLs are correct, the amount of PL 
increase of the O centre is inversely proportional to the thickness of SLs. However this 
was the opposite for the I centre. In other words the thinner the SL the larger the PL 
increase of the O centre, but the smaller the PL decrease for the I centre.  
 
Recalling equation (5.1) explains why the PL decrease of the I centre does not lead to 1:1 
increase of the O centre during the UV excitation. The PL intensity of the I centre is 
proportional to 2N while the PL intensity of the O centre is proportional to (D-2)N where 
D is the layer thickness as defined earlier. Only if 2N = (D-2)N can one expect 1:1 PL 
behaviour, with initially equal concentrations of the O and the I centres.  
 
Incorporating the previous proposal that electron binding energy is inversely proportional 
to thicknesses of SLs, the change in PL intensity under UV excitation can be explained in 
terms of thickness. Again, using (5.1), the PL intensity of the I centre before the UV 
excitation, t = 0, can be written as PLI ∝ 2N. Let us consider a coefficient, A, that 
describes the fractional PL decrease of the I centre provided by the UV excitation. The 
coefficient A is assumed to be thickness dependent. In practice A is measured to be 0.460, 
0.256, 0.170, respectively for the 7 ML, 5 ML and 3 ML thick SLs from normalised PL 
decrease (fig. 5.25). Following the above trend one might expect a complete quenching (A 
= 1) of the I centre for thick SLs and change (A = 0) at all for thin SLs.  
 
For t > 0, after the UV excitation is initiated, the PL intensity decrease of the I centre and 
its normalised PL intensity can now be written respectively as, 
 
 ,10,22  ANANPLI  
 .1 APLI                      (5.6) 
 
Similarly for the O centre the PL intensity as well as its normalised intensity increased by 
UV excitation can be written as below, 
 
  ,22 NANDPLO   
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  
  .2
22


D
ADPLO                     (5.7) 
 
The normalised PL intensity of the O centre is obtained by dividing the first equation by 
the initial PL intensity of the O centre, PLO ∝ (D-2)N. Following the electron 
delocalisation model, the additional UV effectively delocalises electrons within the CaF2-
CdF2 system. Given that delocalisation, a decrease of PL intensity of the I centre results 
as the trigonal symmetry no longer holds and therefore transforms to the O centre. One 
can see that the decrease in (5.6) is added in (5.7) reflecting transformation of the I centre 
to the O centre. Finally the ratio of the normalised PL intensities of the O and the I centre 
is written as below, 
 
        .12
22
AD
AD
PL
PL
I
O

            (5.8) 
 
Taking the experimental observation of PL decrease coefficient A into a linear 
relationship with thickness of CaF2, D, then A can be expressed as,  
 
 .bDA       (5.9) 
 
The proportionality constant b was found to be (0.060 ± 0.005) ML-1 by performing a 
linear fit as shown in fig. 5.26. In fact the upper limit of A should be 1 when D → ∞. 
However within the three data points it was roughly taken as directly proportional to the 
thickness ranging between 2 ML and 10 ML. The nature of equation (5.8) prohibits 
inclusion of PL behaviour of the 2 ML thick SL (SL1885) since an infinite value of PL 
intensity ratio would occur as D reaches 2.  
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Fig. 5.26. Linear fitting of decrease coefficient A with thickness D of SLs. Inset shows the fitting results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.27. PL ratio of normalised intensity of the O and the I centres during He-Cd laser excitation on top of 
the 7F0→5D1 excitation and the 5D0→7F1 emission of Eu3+. Note that experimental result for 2 ML SL is 
also presented. 
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Now the normalised PL ratio can be readily expressed in terms of thickness D by 
substituting (5.9) into (5.8) and the function shows good agreement with the experimental 
data as shown in fig. 5.27.  
 
It is important to consider the PL intensity changes for the I and the O centres in a 2 ML 
thick SL. The normalised PL ratio influenced by additional UV excitation for the 2 ML 
SL is also presented in the graph.  The experimental value of normalised PL ratio for the 
SL is PLO/PLI  = 1.1 ± 0.4    









0
0
tPLPL
tPLPL
IO
IO  given by multi peak fittings as 
shown in fig. 5.28. Some influence of the UV excitation was observed (possibly 10% 
increase) however it does not make difference between the initial PL ratio within the 
limits of uncertainty. Although there is a ± 1 ML of MBE roughness there is a 
discrepancy raised from the SL. Also taking 2.37 ML as the corrected thickness for the 2 
ML SL observed from the previous subsection, this sample did not follow the model. The 
additional UV excitation did not significantly influence PL behaviour of the I and the O 
centres in the 2 ML thick SL (SL1885).  
 
 
 
 
 
 
Fig. 5.28. PL behaviour of the I and the O centre of Eu3+ in a 2 ML thick SL (SL1885); (a) before UV 
excitation and (b) during UV excitation. 
 
It has been suggested that the binding energy of electrons in a trap in CaF2 or at the 
bottom of conduction band of CdF2 is significantly altered in a 2 ML [16]. The binding 
energy does not seem to be inversely proportional to the thickness of SLs. For that reason 
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equation (5.8) possibly no longer holds for the 2 ML SL and hence no decrease in PL 
contributes to the growth of the O centre. Furthermore the growth of asymmetric SLs 
(ASL) is proposed to modify the binding energy of the electron in 2 ML thick SLs. It is 
expected that for a (CaF2:Eu)2-(CdF2)4 ASL, for example, that the transformation of the I 
centre to the O centre is possible if the charge compensating electron is in the CdF2 layers. 
However if electrons are in the CaF2 layers, then the PL behaviour of the I centre is 
expected to be the same as for the symmetric 2 ML SL. 
 
 
5.3 Crystal field analysis 
 
The energy levels of the O centre were calculated and compared to those of a CaF2:Eu 
bulk crystal in this section. As described in chapter two, the crystal field parameters were 
added to the free ion Hamiltonian as a perturbation. We used an empirical programme, ‘f-
shell’ [17]. An Eu3+ ion, which is a f 6  ion, has 3003 possible electronic states (14!/6!(14-
6)!). However the entire f 6  configuration has been truncated to the lowest 40 multiplets 
as an approximation. For the bulk crystal field analysis, the results from Jouart et al. [2] 
were used and for the SLs (3 ML thick) the previous results were used [5]. The calculated 
energy levels and the estimated crystal field parameters are presented in table 5.3 and 5.4, 
respectively.  
 
As a result, the energy level fitting gave the standard deviation values of σ = 16 cm-1 and 
σ = 13 cm-1, respectively for the crystal and SLs. The 4cB  and 6cB  parameters for the cubic 
centre of SLs were increased from that of CaF2:Eu crystal by 37 cm-1 and 58 cm-1, 
respectively. However the changes in the parameters are well within the limits of 
uncertainties given by the calculation. It can be shown that similar fitting results are 
obtained when the individual parameters are varied as shown in fig. 5.29. 
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Table 5.3. Calculated energy levels of Eu3+ in cubic symmetry in a CaF2 crystal and in CaF2-CdF2 SLs (cm-
1 in air) 
 
Multiplet
State and 
symmetry 
O centre in CaF2 O centre in SL 
Calc. Expt*. Calc. Expt. 
7F0 A1g -1 0 3 0 
7F1 T1g 350 339 354 345 
7F2 
T2g 800 812 805 815 
Eg 1326 1339 1330 1347 
7F3 
T1g 1857 1855.5 1857 1861 
T2g 1980 1968 1978 1968 
7F4 T1g 2884 2884 2896 2892 
5D0 A1g 17279 17275.5 17281 17281 
5D1 T1g 19024 19030 19031 19031 
5D2 
T2g 21450 21428 21462 - 
Eg 21518 21538 21578 - 
 
*The energy levels are obtained from Jouart et al. [2]. 
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Table 5.4. Crystal field parameters estimated from f-shell programme (cm-1). 
 
Parameters CaF2:Eu3+ Crystal 
CaF2:Eu3+-CdF2 
Superlattice 
Ftot 87012.81 86929.09 
α 20.16 20.16 
β -566.0 -566.0 
γ 1500 1500 
T2 300 300 
T3 40 40 
T4 60 60 
T6 -300 -300 
T7 370 370 
T8 320 320 
Mtot 2.1 2.1 
ζ 1327.40 1328.80 
4
cB  -2010 ± 80 -1980 ± 70 
 
6
cB  900 ± 100 910 ± 90 
 
σ 16 13 
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Fig. 5.29. Cubic parameter mapping of the energy level calculations. The height of the contour represents 
the standard deviations of the fitted results of the energy levels of Eu3+ in SLs. 
 
We interpret the slight shift of the crystal field parameters as primarily due to the 
deformation of the crystal structure taking place in SLs. Another set of calculations were 
carried out to further the cubic crystal field analysis. As proposed in section 5.2, a 
distortion of the cubic symmetry as measured by XRD [10] was employed. Initially a 
cube in which the z axis is oriented along a [111] direction was considered. Due to the 
compressive planar strain for the 20 ML thick SL as discussed in the previous chapter, the 
entire cube is also compressed, for instance, along the [111] axis. However when the 
fluorine ions along the [111] axis are relatively less compressed than the other in-plane 
fluorine ions, then the cubic symmetry is reduced to three fold symmetry which results in 
the introduction of a 2cB  parameter along with other parameters due to the change of the 
principal z axis. In the calculation of the parameters, based on a point charge model, also 
provided by the author of the ‘f-shell’ programme, a relatively larger distance (0.3%) of 
each fluorine ion that is in the [111] direction yielded the 2cB = -38cm
-1 (otherwise zero 
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for a non distorted cube). It can be shown that the introduction of the 2cB  parameter 
results in splitting of energy levels of Eu3+ centres. The magnitude of the parameter 
determines the degree of splitting and the sign of the parameter reflects the assignment of 
doublet and singlet, for example, for J = 1 multiplets the position of the doublet relative 
to the singlet is dependent on the sign of the parameter. The splittings of the cubic centre 
in thick SLs are considered here incorporating the distortion of the crystal structure. In 
section 5.2, the splittings of the cubic centre in thick SLs were found as 1.38 cm-1 and 6.4 
cm-1, respectively for the 5D1 and the 7F1 multiplets. Due to the distortion, the degeneracy 
of each multiplet breaks into a doublet (Eg) and a singlet (A2g). The splittings of the 
multiplets are schematically shown in fig. 5.30. The 2cB  parameter is added in the energy 
level calculations along with the appropriate C3v symmetry crystal field parameters.  
 
Fig. 5.30. The observed splitting of the cubic centre of Eu3+ in thick SLs (SL1649). The 5D1 and the 7F1 are 
both split into two levels separated by 1.38 cm-1 and 6.4 cm-1, respectively.  Inside the brackets are the 
calculated values. 
 
 
Table 5.5. Crystal field parameters of the distorted cubic centre (C3v). 
 
Parameters (cm-1) 
2
cB  -33 
4
cB  -820 
4
aB  2000 
6
cB  50 
6
'aB  510 
6
aB  870 
5D1 7F1 
Eg Eg 
A2g A2g 
1.38 (1.21) cm-1 6.4 (6.3) cm-1
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As a result, the crystal field parameters governed by the distortion of the crystal structure 
gave the energy levels of the split cubic centre with σ = 76 cm-1. With the C3v parameters 
the splitting of the 5D1 and the 7F1 levels were accurately determined as 1.21 cm-1 and 6.3 
cm-1, respectively. However, as indicated by the increased value of the σ, the energy 
levels are less accurately predicted than previous calculation where no splitting is 
considered. The parameters used in these calculations are summarised in table 5.5.  
 
As mentioned in chapter 4 the PL behaviour of the lanthanoids can reflect the local 
environment of the host effectively. The origin of the splitting of the cubic centre can be 
described as a distortion of the crystal due to the strain in SLs. The strain is possibly 
accumulated for thick SLs as no splitting is observed in thin SLs confirmed by 
polarisation anisotropy. A crystal field analysis was also carried out for the I centre. A set 
of crystal field parameters is obtained by using the already evaluated parameters as well 
as taking an extra electron along the z [111] axis. The calculated results for the I centre 
are discussed in chapter 7.  
 
 
5.4 Summary 
 
We have demonstrated a monolayer resolution spectroscopy of the Eu3+ centres in 
CaF2:Eu-CdF2 SLs. The Eu3+ centres in SLs are clearly influenced by the layer thickness. 
The novel interface centre is only observed from thin SLs and became dominant in 2 ML 
thick SL. It has been shown that the PL intensity ratio of the O and the I centres is 
quantised by the layer thickness for perfectly grown SLs. In connection with the PL 
bleaching of the Eu2+, the PL behaviour of the I and the O centres was related to the 
possible transfer of electrons. Hence the nature of the I centre is the electron-charge 
compensated centre and the possible transformation to the O centre is expected upon the 
delocalisation of electron. In this chapter both thermal and the UV excitations were used 
to demonstrate the delocalisation. The PL ratios of the centres were significantly altered 
by the additional excitations. However not all SLs have shown a uniform transformation, 
suggesting different trapping energies for different thicknesses, with a 2 ML SL 
demonstrating the highest trapping energy. 
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  The polarisation anisotropy revealed the symmetry of the I centre as C3V in which the 
charge compensation was along the [111] direction. The O centre was confirmed as cubic 
centre as no further splittings were observed. However for thick SLs the O centre is split 
by a small degree and in the opposite sense to the I centre split. A crystal distortion was 
considered to produce the splitting of the O centre. A crystal field analysis supports that 
the crystal is slightly less compressed along the [111] direction as a result of strain 
associated with SLs. 
 
The electron charge compensator is assumed to be localised in either CaF2 or CdF2. Since 
the trapping energies are somewhat thickness dependent, the growth of the asymmetric 
SLs (ASLs) are proposed. CEES investigation of ASLs is expected to demonstrate clear 
understanding of localised electrons and the exact position of the localisation. CEES of 
the ASLs is discussed in chapter 6.  
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Chapter 6 
 
 
Spectroscopy of trivalent Eu centres in asymmetric 
CaF2:Eu-CdF2 superlattices 
 
 
 
6.1. Introduction 
 
 
This chapter surveys laser spectroscopy of the Eu3+ centres in asymmetric SLs. It is of 
interest to consider whether the PL behaviour of the cubic and interface centres in 
asymmetric SLs are similar or different to that of the Eu3+ centres in symmetric SLs. The 
growth of the asymmetric SLs, henceforth ASLs, involves depositions of m mono layers 
(MLs) of CaF2 and n MLs of CdF2 where m ≠ n.  
 
The previous observations, as discussed in chapter 5, showed that the PL behaviour of the 
I and the O centres was influenced by the thickness of the host SLs and by external 
contributions such as thermal and UV excitation. For example, the I centre observed in 
the 2 ML thick SL was hardly influenced by additional UV excitation whereas the same 
centre observed in the thicker SLs was clearly influenced by the UV excitation. This 
puzzling behaviour of the I centre suggested that the electron binding energy is 
significantly altered for the 2 ML thick SL. However it is yet to be determined which 
material is responsible for such alteration. The symmetric SLs have limited ability to 
separate the CaF2 and CdF2 layers in terms of electron confinement. 
 
Hence this chapter closely monitors the PL behaviour of the I and the O centres as to 
whether it follows the PL behaviour for equivalent thickness of the CaF2 or CdF2 layers. 
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Furthermore the location of the charge compensating electrons responsible for the 
formation of the I centre will be established with more confidence. Following a similar 
format to chapter 5, this chapter discusses the temperature dependence and the effect of 
additional UV excitation on the PL behaviour of the I and the O centres. The previous 
models are also tested for the ASLs and compared with the symmetric SLs. 
 
 
6.2. Discussion of CEES results of Eu3+ centres in asymmetric 
superlattices 
 
Two ASLs were mainly investigated and their CEES results are discussed in this section. 
These ASLs were (CaF2:Eu)2-(CdF2)4 and (CaF2:Eu)4-(CdF2)2 where the subscript 
represent thickness of the layers expressed in ML. The first ASL (ASL1982) gave an 
identical CEES result as the symmetric (CaF2:Eu)2-(CdF2)2 SL described in the earlier 
chapter. Again the I centre was the dominant peak and the O centre was observed as a 
weak shoulder, as shown in fig. 6.1(a). For the other ASL, which is [(CaF2:Eu)4-(CdF2)2],  
both centres were observed with comparable PL intensity and the pattern of the peaks was 
identical to the symmetric SLs as shown in fig. 6.1(b). The transition wavelengths for the 
ASLs and the symmetric SLs were in agreement. 
 
It is clear that the Eu3+ centres in ASLs appeared to be the same as in the symmetric SLs. 
That is, the observed PL transitions for the I and the O centres between two hosts, 
symmetric SLs and ASL, are determined by the thickness of the CaF2 layers regardless of 
the thickness of CdF2. Recalling equation (5.2), the PL ratio between the O and the I 
centres was written in terms of the thickness of the host SLs, D, as follows 
 
   .2,
2
2  DBCD
PL
PL
I
O  
 
where C and B are as defined in chapter 5. D is considered as the thickness of CaF2 layers 
here. It can be shown that the PL intensity ratio between the O and the I centres in ASLs 
also follows the above relation. 
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Fig. 6.1. Profile of the I and the O centre PL intensity for (a) ASL1982 (CaF2:Eu)2-(CdF2)4 and (b) 
ASL1980 (CaF2:Eu)4-(CdF2)2 at ~4 K. Note the cross mark in (a) represents the expected transition 
wavelengths of the O centre. 
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The PL ratios were obtained following the same analytical technique as that described in 
chapter 5. The data matrix elements profiling both centres (fig. 6.1) are selected from the 
raw data and re-plotted as shown in fig. 6.2. Two Gaussian curves, representing the I and 
the O centres, are used to fit the emission profile of the CEES of the centres. The PL 
intensity ratio of the centres, after the fitting, are given by 0.21 and 0.71, respectively for 
the ASL [(CaF2:Eu)2-(CdF2)4] and ASL 1980 [(CaF2:Eu)4-(CdF2)2].  
 
 
 
 
 
Fig. 6.2. Emission profile of ASLs, (a) ASL 1982 (CaF2:Eu)2-(CdF2)4 and (b) ASL1980 (CaF2:Eu)4-(CdF2)2. 
The PL intensity ratio (PL0/PLI) is given by 0.201 and 0.71, respectively, for ASL1982 and ASL1980. 
 
As a result, the calculated PL intensity ratio of the O and the I centre (PLO/PLI) followed 
equation (5.2)  (allowing for an MBE growth roughness of ± 1ML). The ASL1982 even 
has shown that the PL ratio is the same as the symmetric SL (SL1885). The above values 
are appended onto the previous graph (fig. 5.16) representing the PL intensity ratio with 
respect to the layer thickness and shown in fig. 6.3. Without further fitting, the PL 
intensity ratios in ASLs show good agreement with the ones in the symmetric SLs.  
 
The parameter D was previously used to represent the layer thickness of the SLs. 
However the parameter could not separate CaF2 and CdF2 layers when it was associated 
with describing PL intensity ratios for symmetric SLs. By investigating the PL intensity 
ratios of the ASLs it was established that the appropriate parameter D governing the 
thickness-dependence of the PL intensity of the I and the O centres is due to the thickness 
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of the CaF2. It is now feasible to investigate the effect of the additional thermal and UV 
excitation as described in earlier chapters. In the following subsections the PL behaviour 
of the I and O centres in ASLs under influence of thermal and UV excitation is discussed. 
 
 
 
 
 
 
Fig. 6.3. Linear fitting of the PL intensity ratio of the O and the I centres with respect to the thickness of 
CaF2 layers according to equation (5.2). The PL ratio values of the ASLs are only appended onto the graph 
for comparison. No further fitting including those points were performed. 
 
 
6.2.1. Temperature dependence of Eu3+ photoluminescence in asymmetric 
CaF2:Eu-CdF2 superlattices 
 
As mentioned in chapter 5, temperature dependent behaviour of the PL intensity of the I 
and the O centres was different. It was proposed that delocalisation of an electron in the 
vicinity of the I centre takes place at elevated temperature and therefore C3v symmetry is 
diminished due to the removal of the electron. As a result, the quenching of the I centre 
was observed at lower temperature than that for the O centre. We further proposed a 
formation of a temperature-induced O centre upon the delocalisation of the electrons as 
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the electrons are the cause of the C3v symmetry of the I centre. In other words 
transformation of the I centre into the O centre is expected to take place. No complete 
transformation was observed (fig. 5.18). However the PL intensity ratios between the O 
and the I centres were increased with respect to temperature for all SLs (fig. 5.22 (b)). 
This increase is interpreted as the indication of the decomposition of the I centre resulting 
in the transformation to the O centre. In addition to the transformation, it was concluded 
that the trapped electrons, either in the CdF2 conduction band, or in CaF2 in the vicinity of 
Eu3+, have different thermal activation energy, Eb, depending on the thickness of the host 
SLs. For example, the calculated Eb for 5ML, 3ML, and 2ML symmetric SLs were 16 
meV, 21.4 meV and 31 meV, respectively. Hence it was further concluded that the size 
confinement plays a deciding role in the depth of the electron trap. 
 
The main purpose of the growth of ASLs is to to investigate this ‘size confinement’ for 
the trapped electrons. It was of interest to see how the thermal excitation would influence 
the size-induced binding energy, Eb, for the trapped electrons in (CaF2)2-(CdF2)2 SL and 
(CaF2)2-(CdF2)4L ASL, for example. If the PL behaviour of Eu3+ in the latter host follows 
exactly the same as for the first one, then one can say that the electrons trapped in CaF2 
are responsible for such transformation. If there is a significant change, however, then it 
must be the electrons confined in the conduction band of CdF2 which are responsible for 
the formation of the I centre. Fig. 6.4 and 6.5 show CEES results for (CaF2:Eu)2-(CdF2)4 
(ASL1979) and (CdF2:Eu)4-(CdF2)2 (ASL1980) in temperature ranges from 4 K to 240 K. 
 
For ASL 1979, up to room temperature, the O centre only appeared as a weak shoulder 
whereas the I centre was observable even at room temperature. This was almost the same 
for the (CaF2:Eu)2-(CdF2)2  symmetric SL (SL1885). Similarly the I centre in ASL1980 
which has 4ML CaF2 layers ((CaF2:Eu)4-(CdF2)2) followed an almost identical PL 
behaviour to that of symmetric 3ML, 5ML and 7ML thick SLs.   
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Fig. 6.4. CEES of the I centre in ASL 1979 (CaF2:Eu)2-(CdF2)4  in the temperature ranges between 4 to 240 
K. 
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Fig. 6.5. CEES of the I and the O centres in ASL 1980 (CaF2:Eu)4-(CdF2)2 in the temperature range 4 to 
240 K. 
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Recalling equation (5.5), the PL ratio of the O and the I centres with respect to 
temperature, T, is written as below,  
 
   .1/exp12 Bb 



 TkE
D
PL
PL
I
O  
 
As defined earlier, D is the layer thickness of CaF2 and Eb is the binding energy at low 
temperature. At each temperature step the PL intensities for the I and the O centre were 
estimated using Igor Pro. As for ASL1979 where the O centre is only observed as a weak 
shoulder, the expected profile of the the O centre is selected from the raw data as shown 
in fig. 6.1(a). As a result, the above model which describes the decomposition of the I 
centre and the growth of the O centre at elevated temperatures, agreed well with the ASLs 
results. The calculated PL intensity ratios and the experimental values are shown in fig. 
6.6 and fig. 6.7, respectively for ASL1979 and ASL1980. 
 
 
 
 
 
 
Fig. 6.6. The PL intensity ratio of the O and the I centres with respect to temperature for ASL1979 
(CaF2:Eu)2-(CdF2)4. The solid line represents the calculated value using equation (5.5). 
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Fig. 6.7. The PL intensity ratio of the O and the I centres with respect to temperature for ASL1980 
(CaF2:Eu)4-(CdF2)2. The solid line represents the calculated value using equation (5.5). 
 
For ASL1979, the fitting was only carried out for temperature up to 130 K as the PL 
intensity of the O centre was very weak making a two peak Gaussian fit impossible. 
Using the available data points for the calculation of the binding energy, Eb, it was given 
by 60 ± 4 meV with corrected layer thickness of 2.12 ML. The χ2 value of the fitting was 
0.00005.  
 
Relative to ASL1979, ASL1980 gave a smaller value of binding energy of 28 ± 1 meV 
with corrected thickness of 3.34 ML. The I centre was observed up to 140 K (fig. 6.5) and 
for temperatures past this point the measurement of peak PL intensity for the I centre 
became less accurate due to the thermal relaxation. Using the whole temperature range or 
the most accurate temperature range from 4 K to 140 K gave virtually no difference in the 
estimation of the binding energy. The χ2 value for this fitting was 0.038. 
 
It should be noted that the PL behaviour of the I and the O centre in ASLs exactly follows 
that of the SLs at elevated temperature. In other words, the delocalisation of the trapped 
electrons is closely related to the layer thickness of CaF2. The behaviour is summarised in 
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fig. 6.8. Again due to the possible size confinement, the delocalisation of the electrons 
becomes less efficient in thinner CaF2 layers. 
 
In addition, there is no experimental evidence that the thickness of CdF2 influences the 
delocalisation. The thermal delocalisation of the trapped electrons is possibly purely 
dependent on the thickness of CaF2 layer regardless of the thickness of CdF2. However 
this does not disprove any influences of electrons in the conduction band of CdF2. We 
still assume that there are electrons in the conduction band but these electrons are not 
necessarily contributing to the formation of the I centre and hence the transformation of 
that centre to the O centre at elevated temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.8. Calculated PL intensity ratios of the O and the I centres in (a) ASL1979, (b) SL1885, (c) ASL1980, 
(d) SL3173 and (e) SL3172. 
 
The binding energy should now be considered as the trapping of electrons in defect 
centres within CaF2 layers in the vicinity of the cubic Eu3+ centre. Also the trapping of the 
electrons has some tendency of size confinement. Fig. 6.8 shows a graph of calculated 
electron delocalisation model equation (5.5) in SLs and ASLs. It clearly shows that the 
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thinner the CaF2 layers, the greater the binding energy for the electrons. The binding 
energies for the investigated ASLs and the symmetric SLs are summarised in table 6.1. 
 
Table 6.1. Binding energy of electrons in CaF2 layers. 
 
Thickness of CaF2 (ML) Corrected thickness (ML) Binding energy (meV) 
2 (ASL1979) 2.13 60 ± 4 
2 (SL1885) 2.37 31 ± 1 
4 (ASL1980) 3.45 28 ± 1 
3 (SL3173) 4.1 21.4  0.7 
5 (SL3172) 5.6 16 ± 2 
 
 
 
6.2.2. PL behaviour of Eu3+ centres under additional UV excitation 
 
In addition to the thermal delocalisation of the electrons, additional UV excitation was 
also provided to the ASLs to eventually delocalise the electrons as described in chapter 5. 
A He-Cd laser with an output wavelength of 325 nm was used as an additional source of 
excitation on top of the 7F0→5D1 excitation of the Eu3+. For each ASL, CEES of the I and 
the O centres was taken before, during and after the UV excitation as shown in fig. 6.9.  
 
For ASL1982 [(CaF2:Eu)2-(CdF2)4], no visual observation of an increase of the O centre 
under the UV excitation was seen in the contour plot of the CEES. The influence of the 
UV excitation was further analysed by performing Gaussian fittings to the emission 
profile of fig. 6.9. Taking residuals of the fittings into an account as uncertainty in peak 
intensity, as shown in fig. 6.10, there is virtually no UV-induced effect on the PL 
intensities. Here the PL intensity ratio of the O and the I centres is an indicator of the 
influence of the UV excitation. The PL intensity ratios (PLO/PLI) before and during the 
UV excitation are estimated to be 0.21 ± 0.01 and 0.21 ± 0.01, respectively. Hence there 
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is no evidence to conclude that the delocalisation of the electron takes place in ASL1982 
under UV excitation. Moreover, this is the same as for the symmetric (CaF2:Eu)2-(CdF2)2 
SL (SL1885). In chapter 5 the PL ratios for the symmetric SL (SL1885) were observed as 
0.14 ± 0.03 and 0.15 ± 0.02, respectively for before and during the UV excitation. These 
two results, once again, suggest that due to the possible size confinement the influence of 
the UV excitation is negligible and that confinement is due to the thickness of CaF2 
regardless of the CdF2.  
 
 
 
Fig. 6.9. CEES of ASL1982 (CaF2:Eu)2-(CdF2)4 (a) before, (b) during and (c) after UV excitation on top of 
the 7F0→5D1 excitation of Eu3+. All spectra were recorded at 4 K. 
 
 
 
 
 
Fig. 6.10. Gaussian fittings of emission profiles of ASL1982; (a) before and (b) during the UV excitation. 
PL intensity ratios of the O and the I centres are 0.201 and 0.207, respectively.  
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On the other hand for ASL1980 [(CaF2:Eu)4-(CdF2)2] the additional UV excitation clearly 
changed the PL intensity of the I and the O centres. As shown in figs. 6.11 and 6.12, one 
can see that the PL intensity of the O centre is even higher than that of the I centre during 
the illumination of the UV laser. The PL ratios are estimated to be 0.71 ± 0.03 and 1.08 
± 0.05, respectively for before and during the UV excitation. Upon ceasing UV 
excitation the PL ratio of the O and the I centre returned to its original value within the 
limits of uncertainty. As discussed in chapter 5, the change in the PL intensity repeated 
over several cycles. Again, the PL intensity behaviour under the influence of the UV 
excitation seemed solely dependent on the thickness of CaF2. 
 
 
 
Fig. 6.11. CEES of ASL1980 (CaF2:Eu)2-(CdF2)2 (a) before, (b) during and (c) after UV excitation on top 
of the 7F0→5D1 excitation of Eu3+. All spectra were recorded at 4 K. 
 
 
 
 
 
Fig. 6.12. Gaussian fittings of emission profiles of ASL1980; (a) before and (b) during the UV excitation. 
The PL intensity ratios of the O and I centres are 0.711 and 1.078, respectively.  
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Recalling equation (5.8) the ratio of normalised PL intensities of the O and the I centres 
can be rewritten as follows, 
 
  
   .12
22
AD
AD
PL
PL
I
O

  
 
The parameter D is the layer thickness of CaF2 and A is thickness dependent PL intensity 
decay coefficient as defined in chapter 5. This model says that the PL decay of the I 
centre due to the delocalisation of the electrons should be responsible for the growth of 
the O centre PL intensity. The ratios of the normalised PL intensity of the O and the I 
centres in ASLs were appended to the previous model fit. Without performing any 
modification to the fit, ASL1980 [(CaF2:Eu)4-(CdF2)2] shows good agreement with the 
other SLs and thus follows the model quite well as shown in fig. 6.13. However ASL1982 
[(CaF2:Eu)2-(CdF2)4] did not follow the model. This is the same for the 2 ML thick 
symmetry SL as we observed earlier. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.13. Ratios of normalised PL intensities of the O and the I centres in various SLs and ASLs. The solid 
line represents the UV-delocalisation model. 
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It was suggested, in chapter 5, that the size confinement makes harder for UV light to 
delocalise electrons resulting in less transformation of the I centre to the O centre. For 
2ML thick CaF2 layers, A becomes negligible, or in other words there is insignificant 
possibility of electron delocalisation. It should be noted that there is no contribution from 
the thickness of CdF2 for this transformation as there is no difference between the PL 
ratios for SL1885 and ASL1982. This similarity of PL behaviour of SLs and ASLs 
suggests that the transformation of the I centre is entirely caused by the electrons in the 
CaF2 layers. In addition, the transformation is observable upon UV excitation and is 
reversible when the UV excitation stops. 
 
 
6.3. Summary 
 
Comparison of the PL results for ASLs and symmetric SLs appears to rule out one of our 
earlier assumptions; that electrons in the conduction band of CdF2 are possibly 
responsible for the formation of the I centre (and that the thickness of the CdF2 layers 
causes different confinement for the electrons). The PL behaviour of the I and the O 
centres in ASLs given by additional thermal and UV excitations was almost identical to 
that for symmetric SLs. The PL behaviour of the centres are dependent on the thickness 
of CaF2 regardless of the thickness of CdF2. It should be noted that the electrons trapped 
in CaF2 layers are now thought to be mainly responsible for formation of the I centre and 
for the PL behaviour of the I and the O centres under thermal and UV excitations. 
 
However the PL behaviour of the I and the O centres has still exhibited strong 
dependence on the thickness of the CaF2 layers. For 2ML thick CaF2 layers, for example, 
whether symmetric SLs or ASLs, it was almost impossible to transform the I centre to the 
O centre upon the UV excitation. In addition, the estimated binding energy for 2 ML 
thick CaF2 is 60 meV which is almost as four times as larger than that for thicker CaF2 
layers. 
Chap.7 Discussion 129
  
 
Chapter 7  
 
 
Discussion of the charge compensating electron for 
the novel I centre in CaF2:Eu-CdF2 SLs 
 
 
 
7.1 Introduction 
 
It is instructive to extend the analysis of the effective role of the charge compensating 
electrons for the ‘Interface’ centre of Eu3+ in SLs and ASLs. It was suggested from 
previous chapters that the PL intensity behaviour of the I centre is closely related to a 
neighbouring electron next to the Eu3+ centre and its possible delocalisation. In this 
chapter a crystal field analysis was carried out considering the crystal structure of the I 
centre. A localised electron in the [111] direction is incorporated into the previously 
considered distorted cubic centre of Eu3+. The evaluated crystal field parameters are 
compared with that of the O centre in section 7.2. The PL behaviour of the I centre under 
additional excitation is also explored in this chapter. A broad range of additional 
excitations were tested using various laser lines and a lamp. The behaviour of the I centre 
PL intensity, relative to the O center, under the broad excitation, is thought to indicate the 
existence of an absorption band. The possible behaviour of the absorption band of the 
charge compensating electrons is discussed in section 7.3. 
 
 
7.2 Crystal structure of the Interface centre of Eu3+ in CaF2:Eu-CdF2 SLs 
 
To investigate the origin of the interface centre, a collaborative calculation was carried 
out to evaluate the energy level splitting of the 5D1 and 7F1 multiplets for Eu3+ in the I 
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centre using appropriate crystal field parameters [1]. The exchange model was used in the 
calculation. It was assumed that the I centre has three Cd2+ neighbouring ions as 
compared to the O centre which has twelve Ca2+ neighbours. It was further assumed that 
an electron, which is responsible for the Eu3+ charge compensation, is localised near the 
three Cd2+ ions. The crystal structure used in the calculation is depicted schematically in 
fig. 7.1(a). As a result, the calculated energy level splitting for the 5D1 and 7F1 multiplets 
are 7 cm-1 and 16 cm-1, respectively. In chapter 5 the experimental values of the splitting 
for the I centre were 2.5 cm-1 and 13.2 cm-1, respectively suggesting that the calculations 
are consistent with the experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.1. Schematics of layer composition of a CaF2:Eu-CdF2 SL. Localisation of an electron takes place (a) 
near the three nearest Cd neighbouring ions or (b) at a corner of cube containing Eu3+.  
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This attempt to incorporate the additional electron charge in the crystal structure for the 
calculation of energy levels splitting was considered successful. The predicted splittings 
are the same order of magnitude as the experimental values. However, some concerns 
arose in dealing with the transformation between the centres. It is evident that the I centre 
transforms to the O centre upon additional UV or thermal excitation as discussed in 
chapters 5 and 6. Using the above model, with the presence of the Cd2+ ions, it is difficult 
to show such transformation behaviour for the I centre. For instance, the calculated 
energy level splitting for the 7F1 multiplet of the I centre is not necessarily the same as the 
splitting of the cubic centre [1] when the electron is removed from the I centre. Fig. 7.2 
shows the difference in the degree of splitting of the 7F1 multiplet. It should be noted 
when the electron is removed from the I centre (fig. 7.2(b)), the order of the doublet and 
singlet is reversed as the O centre polarisation showed. However the degree of the 
splitting for the multiplet is not equal to that of the O centre (fig. 7.2(c)). It is due to the 
fact that the crystal structure was assumed to be different in the first place. For the I 
centre the crystal field parameters are evaluated including the three Cd2+ ions which are, 
however, not concerned for the O centre. In other words, even when the electron is 
delocalised the crystal structure of the electron-removed I centre is not the same as the O 
centre. 
 
Fig. 7.2. The calculated energy level splitting of the 7F1 multiplet of the (a) I centre, (b) electron-removed I 
centre, (c) O centre and (d) measured O centre. Note that the splitting in the O centre is due to the strain of 
SLs. In chapter 5 the splitting is calculated as 6.3 cm-1 using the point charge model. *The calculated values 
are from ref. [1]. 
7F1 7F1 
A2g Eg 
Eg A2g 
7 cm-1 35 cm-1 
7F1 
Eg 
A2g 
4.7 cm-1 
7F1 
Eg 
A2g 
6.4 cm-1 
a. Calculated I centre splitting*
c. Calculated O centre splitting* d. Measured O centre splitting 
b. Electron removed-I centre splitting*
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Similar calculations are carried out using a point charge model [2]. An interstitial electron 
was placed in the [111] direction of the cubic centre as shown in fig 7.1(b). The model 
does not distinguish the charge of a fluoride ion and an electron. However upon the UV 
excitation at low temperature we observed the possible electron delocalisation which led 
us to eliminate the possibility for an interstitial fluoride ion acting as the charge 
compensator. In fact the mobility for F- ions at low temperatures is considered as 
insignificant. We assumed that during the MBE process an electron enters interstitially in 
a cube which is in a [111] direction from the Eu3+ centre and becomes localised. As a 
result an electron charge compensated I centre is formed. This charge compensated centre 
only differs from the cubic centre by the presence of the electron localised in the [111] 
direction. Further this electron can be delocalised by an additional excitation which 
results in transformation of the charge compensated centre to the cubic centre. The 
experimental finding of the possible transformation of the I centre to the O centre is 
consistent with the above consideration. However this assumes that three neighbouring 
Cd2+ cations are not responsible for such formation of the I centre. 
 
The empirical ‘f-shell’ programme was used for the calculation for the energy levels of 
the I centre. The crystal field parameters are firstly obtained using the point charge model 
for the distorted cubic centre as described in section 5.3. Then the appropriate crystal field 
parameters are further evaluated with the extra electron along the [111] direction. The 
energy levels of the I centre in C3v symmetry are obtained with a standard deviation, σ = 
73 cm-1 and are summarised in table 7.1. The splitting of the 5D1 and the 7F1 multiplets 
are also presented in fig. 7.3. It should be noted, as shown in table 7.2, that the crystal 
field parameter 2cB  became positive when the electron is place along the [111] direction 
(as opposed to being negative for the distorted cubic crystal structure). The conversion of 
the sign is reflected in the symmetry assignments for the crystal field levels. In chapter 5, 
it was shown that the Eg doublet of the 5D1 and the 7F1 multiplets is energetically higher 
than the singlet A2g (fig. 5.28). The doublet is now lower than the A2g singlet in each case. 
Using the new set of parameters the calculated values for the splittings in the 5D1 and the 
7F1 multiplets are respectively 2.69 cm-1 and 8.69 cm-1 which are somewhat closer to the 
experimental values; 2.5 cm-1 and 13.2 cm-1 than the earlier calculations [1]. 
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Table 7.1.  Calculated energy levels of Eu3+ in the I centre in CaF2:Eu-CdF2 SLs (cm-1 in air) 
 
Multiplet 
State and 
symmetry 
I centre levels (cm-1) 
Calc. Expt. 
7F0 A1g -44 0 
7F1 
Eg 321 335 
A2g 331 348 
7F2 
T2g 815 813 
Eg 1276 1335 
7F3 
T1g 1852 1855 
T2g 1971 1958 
7F4 T1g 2880 2890 
5D0 A1g 17286 17283 
5D1 
Eg 19076 19029 
A2g 19079 19032 
Std Dev σ 73 
 
 
Fig. 7.3. The observed splitting of the I centre of Eu3+. The 5D1 and the 7F1 are both split into two levels 
separated by 2.5 cm-1 and 13.2 cm-1, respectively.  Inside the brackets are the calculated values. 
 
 
 
5D1 7F1 
A2g A2g 
Eg Eg 
2.5 (2.69) cm-1 13.2 (8.69) cm-1
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Table 7.2. Crystal field parameters for the distorted O and the I centres (cm-1). 
 
Parameters Distorted O centre I centre 
2
cB  -32 10 
4
cB  -820 -790 
4
aB  2000 1900 
6
cB  47 95 
6
'aB  510 490 
6
aB  870 930 
 
As mentioned above, the major difference between the crystal field parameters for the I 
and the O centre is the conversion of the sign of the 2cB  parameter. The rest of the 
parameters are optimised by the ‘f-shell’ programme to yield the minimum σ. However a 
small degree of change in the rest of the parameters are expected as they are weakly 
coupled with the 2cB . The above model is consistent with the experimental findings. The 
presence of the charge compensating electron plays a deciding role which separates the I 
and the O centre transition energies and splitting. It can also show that when the electron 
is removed from the I centre, the resultant centre is the O centre.  
 
 
7.3 Absorption band for the charge compensating electron 
 
So far at low temperature only the UV laser was optically used to investigate the possible 
transformation of the I centre to the O centre as discussed in chapters 5 and 6. Some other 
laser lines which are energetically lower than the He-Cd laser were also used to monitor 
the PL intensity ratios of the O and I centres as described in the previous chapters. The 
reasons for that are to find the transformation threshold of the centres and more 
importantly to observed any absorption band behaviour from the localised electrons. In 
comparison with the absorption bands exhibited for a trapped electron in fluorine vacancy, 
(so called F-centre) a similar proposal can be made with the current study. For the F-
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centres, the energy levels are present for the confined electron and hence one can observe 
optical transitions from the F-centres [3]. The absorption bands of the F-centres in CaF2 
crystals have been studied by many researchers over the past decades [4-10]. We might 
expect to observe somewhat similar absorption bands from the localised electrons in SLs. 
In the case of SLs, as we proposed in section 7.2, the electrons are localised interstitially 
in the cubic lattice as opposed to the F-centres in which electrons are localised in fluorine 
vacancies. This can be considered as the fundamental difference between the F-centre and 
the charge compensating electron centre in SLs. However, in both cases electrons are 
confined in a potential well provided by surrounding ions and therefore form energy 
levels.  
 
 
 
 
 
 
Fig. 7.4. PL intensity ratio of the O and the I centre without additional excitation and under various 
additional excitations. The SL3173 [(CaF2:Eu)3-(CdF2)3] was used for this experiment. All data were 
collected at 20 K. 
 
Fig 7.4 shows the PL intensity peak ratios (O/I) of the O and the I centres in a 3 ML thick 
SL under various additional excitations at 20 K. On top of the dye laser excitation, a line 
from a frequency doubled Nd:YAG (532 nm) laser, four lines from an Ar laser (515 nm – 
457 nm) and the He-Cd laser (325 nm) were used as the excitation sources. All the lines 
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Ca2+ 
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were set at the same power using appropriate filters. The power of each line was 
measured with a wavelength calibrated ‘Field Master’ power meter and its value was 25 
mW.  
 
It is evident that the transformation of the I centre to the O centre is not observable for 
most of the additional excitations. The threshold for the transformation was about 2.7 eV 
(457 nm). This implies that the absorption band of the electron in SLs possibly exists in 
the 2.7 eV to 4 eV region. Unfortunately the SLs are all grown on Si substrates which are 
opaque to visible wavelengths. Hence the direct measurement of the absorption band was 
not available for UV-VIS wavelengths. For that reason, the investigation of the absorption 
band had to be purely dependent on the PL intensity ratios of the I and the O centres. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.5. Schematic of the electron delocalisation upon UV excitation. The symbol a is the lattice spacing. 
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The justification of the absorption band which explains the transformation of the I centre 
to the O centre is discussed in here. As we discussed in previous chapters, the electron 
which is responsible for the formation of the I centre must be delocalised in order to 
produce the O centre as a result. This requires an actual transfer of the electrons from one 
interstitial position to the other interstitial upon UV excitation as shown in fig. 7.5. 
However, when the UV excitation ceases the electron, or another nearby electron, must 
come back to the cube next to the Eu3+ interstitially to reproduce the I centre. The rates of 
transfer back and forth of the electrons are not necessarily the same as discussed in 
chapter 5 (fig. 5.25) with the recovery rate of the I centre (O center) seen to be slower 
than the initial decay (growth) rate. 
 
Fig. 7.6. One dimensional representation of energy barriers for the interstitial electron with respect to the 
lattice constant a. For the electron confined in 0 < x < a, has a lower potential minimum than the others due 
to the stronger attraction from the Eu3+. 
 
Let us consider possible one-dimensional potential barriers (U) for the interstitial electron 
confined in a cube next to Eu3+ as shown in fig. 7.6. Assume that the minimum potential 
for the electron is lower than that of the rest of the interstitial cubes. This can be 
considered a result of stronger attraction from the Eu3+ ion than the Ca2+ ions. When the 
electron is excited by the UV laser a possible tunnelling is expected from an excited state 
of the electron (fig. 7.6 (a)) resulting in migration of the electron to a neighbouring cube 
a 2a 3a-a 
U (eV) 
0 
a b 
c d 
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(fig. 7.6 (b)). At this stage the electron is physically far from the Eu3+ and hence the Eu3+ 
is left uncompensated during the UV excitation. After migration the electron energetically 
relaxes to the potential minimum (fig. 7.6 (c)). When the UV excitation ceases the 
electron can tunnel back with lower probability than the previous migration and localises 
interstitially in the cube to give the I centre (fig. 7.6 (d)). Let us further assume that the 
position of the excited state for the confined electron is dependent on the film thicknesses. 
The reason that no prominent transformation of the I centre to the O centre is observed in 
the 2 ML thick SL is possibly explained by this phenomenon. This is also consistent with 
the binding energy, Eb, for the localised electrons changing with the thickness of the SLs, 
as discussed in chapter 5.  Because the excited level is influenced by the SL thickness the 
binding energies could also be affected.  
 
 
 
 
 
 
 
 
 
Fig. 7.7. PL intensity ratios of the O and the I centres in SL 3178 under additional excitation provided by a 
lamp. 
 
To verify our hypothesis, a broad range of additional excitations were applied to the SLs 
and the PL intensity ratios are monitored. Selective excitation wavelengths from 350 nm 
to 800 nm were obtained using a tungsten coil quartz-iodine lamp with a small Bausch & 
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Lomb monochromator installed with a visible grating. Using appropriate lenses the 
excitation was focused onto the samples. The dye laser excitation was provided to excite 
the I and the O centres continuously as described in chapter 5. The peak intensity values 
of the centres were obtained by performing multi peak fittings and corresponding ratios 
are plotted against the additional lamp excitation wavelengths.  
 
Fig. 7.7 shows the PL intensity ratio of the O and I centres under a broad range of 
excitation wavelengths. The blue line gives corrected data by taking into account the 
monochromator efficiency. The correction was carried out on the basis that the PL ratios 
of the O and the I centres exhibited a power dependency at 3.8 eV excitation using the 
He-Cd laser. Fig. 7.8 shows the PL ratios of the same sample under the 3.8 eV of an 
additional UV excitation. The PL ratios are almost linearly increased with decreasing UV 
laser power. This implies that, even at the same excitation energy, less transformation 
takes place with less power. Hence the efficiency of the monochromator governed by the 
grating performance had to be taken care of. The efficiency curve of the monochromator 
was found by comparing the theoretical blackbody radiation and the actual spectra from 
the monochromator using a calibration lamp. Then the efficiency curve was multiplied to 
the raw data.  
 
 It can be seen that transformation of the centres is taking place at two regions. It is 
evident that the UV laser used in chapters 5 and 6 (3.8 eV or 325 nm) is consistent with 
the trend given by the PL ratios. This reflects that there is an absorption band in higher 
excitation energy. There is also a possible absorption band peaking around 1.5 eV. 
However, due to the insignificant excitation power available with the visible grating of 
the monochromator the raw data were difficult to analyse in this low energy region. One 
can verify the presence of the absorption peak in the low energy region by employing an 
IR laser such as a tunable Ti:Sapphire laser. It has been shown that at fixed additional 
excitation wavelength, increasing the excitation power also increased the PL intensity 
ratio until saturation occurred. Hence employing powerful light sources in the low energy 
regions could establish the presence of an absorption band. 
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Fig. 7.8. PL ratios of the O and the I centres in SL 3178 with different power density of the He-Cd laser. 
 
 
In summary, a model of crystal structure for the I centre is proposed incorporating a 
charge compensating electron localised interstitially in the [111] direction of the Eu3+ 
centre which is otherwise the cubic centre. The calculation carried out in this chapter 
agrees best with the splitting observed for the I centre in chapter 5 when the electron is 
along the [111] direction from the distorted cubic centre. The calculation also supports the 
delocalisation of the electron upon additional excitations. The removal of electron 
changed the sign and the magnitude of the 2cB  parameter which is responsible for the 
opposite splitting for the I and the O centres. 
 
Delocalisation of the electrons can be best described as tunnelling of the electrons 
through the potential barriers. To facilitate that, the existence of the absorption bands is 
proposed. The localised electrons are likely to form energy levels and tunnelling of the 
electron is more favourable from an excited level. The broad excitation suggests that there 
are possibly two absorption bands for the localised electrons.  
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Chapter 8 
 
 
Conclusion 
 
 
 
8.1 Summary of results 
 
Laser spectroscopy enabled the elucidation of physical properties of CaF2:Eu-CdF2 
superlattices (SLs) and CaF2:Eu thin films using Eu activators. For this study optical 
transitions of Eu2+ and Eu3+ were investigated using appropriate laser spectroscopic 
techniques. 
 
The 4f 65d → 4f 7 transition of Eu2+ doped in CaF2:Eu-CdF2 SLs and CaF2:Eu thin films 
exhibited a strain dependence behaviour. In particular, the zero phonon line (ZPL) of 
Eu2+ at low temperature showed that the peak is either blue or red shifted relative to the 
strain-free crystal. SLs and films under compressive planar strain exhibited the red shift 
while blue shift was observed for those under tensile stain. In fact, the ZPL shift is due to 
the uniaxial strain along [111] axis. For a CaF2:Eu-CdF2 SL which has 20 mono layers 
(ML) of each material, the planar strain is estimated as -0.35% (compressive). Also 
observed was that the shift tends to relax to the strain-free ZPL as the thickness of CaF2 
layers increases as reported in elsewhere. It is thought that this is because the strain is less 
effective once the film reached its critical thickness 
 
Photoluminescence (PL) bleaching of Eu2+ was also investigated. The bleaching was 
observed from the 4f 65d → 4f 7 transition of Eu2+ doped in SLs and thin films. Bi-
exponential decay was employed to describe the bleaching and the results fit well with the 
experimental data. Two channels of bleaching were initially considered; tunnelling and 
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trapping. Tunnelling is electron migration to the conduction band of CdF2 while trapping 
is capture of electrons by defect centres in CaF2. In either case the electrons are localised 
and do not recombine with Eu to sustain Eu2+ emission. The recovery of Eu2+ PL intensity 
was also observed by heating the SLs to higher temperatures. The activation energy was 
estimated as 70 ± 10 meV. 
 
However direct evidence of Eu3+ being produced during the bleaching process of Eu2+ 
was not observed. It is therefore concluded that if Eu3+ is being produced then the centre 
of Eu3+ is either quenching or energetically remote from the detecting region of Eu3+ 
centres.  
 
Combined excitation-emission spectroscopy (CEES) was employed to reveal Eu3+ centres 
in SLs. A novel I centre which is energetically close to the O centre was observed. The 
polarised excitation and emission spectroscopy confirmed that the 5D1 and the 7F1 
multiplets are split into A2g and Eg. The polarisation selection rules for trigonal C3v 
symmetry matches exactly for the I centre. Hence the symmetry of the I centre is 
concluded as a trigonal. It is believe that an electron localised along [111] direction to 
Eu3+ in CaF2 is responsible for the formation of the I centre. A possible transformation of 
the I centre to the O centre under additional thermal and UV excitation was also observed. 
This was interpreted as transfer of the electron to neighbouring cubes and this is 
supported by theoretical calculation. It appears that the I and the O centres are identical 
except for having an electron localised along the [111] direction for the I centre. Hence it 
is concluded that the site of Eu3+ is characterised by localised electrons. Sufficient 
information is not available on the inclusion of electrons in the SLs however the electrons 
are likely reside in the interface layers, that is the top and the bottom layers of CaF2. 
 
Based on the thermal excitation the thickness dependent delocalisation energies were 
calculated as between 16 ± 2 meV for 5 ML SL and 60 ± 4 meV for 2 ML SL. The 
delocalisation energy increased monotonically with decreasing thickness of CaF2 layers. 
The delocalisation energy did not appear to be influenced by the thickness of CdF2 layers 
as discussed in chapter 6. Accordingly it can be concluded that only the electrons inside 
CaF2 are delocalised by additional thermal and UV excitation. Therefore the electrons in 
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CaF2 layers are responsible for the formation of the I centre and contribute to the 
transformation of the I centre to the O centre.  
 
A deformation of the crystal structure for thicker SLs was inferred from the observation 
of splitting in the O centre in the 7F0 → 5D1 excitation of Eu3+. The crystal field analysis 
suggests that the thick SLs (20 ML) are slightly distorted which allows for some mixture 
of trigonal symmetry to the O centre. However the splitting was not observed in thinner 
SLs. This was interpreted as the strain is being more effective for the 20 ML thick SLs.  
 
 
8.2 Future work 
 
It is apparent that the effective role of electrons is to primarily contribute to the formation 
of the I centre. However there is not sufficient information available on the incorporation 
of the electrons in the SL system. There are many factors that allow electrons to reside in 
CaF2-CdF2 SLs, such as annealing temperatures and even exposure to x-rays during XRD 
process. Hence it would be feasible to establish the growth parameters so that the electron 
incorporation is manipulated. CEES can follow to confirm that no I centre is observable 
when there are no electrons in the SL.  
 
To verify the conclusion of the position of the electrons in CaF2 layers, a series of isolated 
SLs (ISLs) can be grown. In such ISLs Eu3+ should be separated from the interface layers. 
For instance, for given CaF2 layers, Eu3+ is only deposited in the middle of the layers and 
the interface layers contain no Eu3+. As a consequence, only cubic centre of Eu3+ will be 
observed.  
 
The absorption band of the electrons needs to be explored with more powerful light 
sources. As discussed in chapter 7, the absorption band peaking at 1.5 eV can be 
investigated by utilising the near IR Ti: Sapphire laser. Hence the position of the 
absorption bands with respect to the thickness of SLs will be determined. The 
transformation of the I and the O centre can also be verified in this region using the same 
laser.  
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The overall quality of the MBE grown samples was excellent. A mono layer thickness 
control of the growth technique enabled precise analysis of thickness dependent optical 
properties of the SLs. Further, without the powerful CEES technique the elucidation of 
the samples would not be possible. Throughout this study many questions were addressed 
regarding fundamental properties of SLs and thin films doped with Eu. Some further 
suggestions critical to understand the Eu3+ centres in SLs are also discussed. The author 
feels that successful research not only provides answers but poses questions so that 
research is stimulated and continued. In that sense this research was a success. 
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Abstract 
Stark energy levels of Eu3+ (4f6) ions in CdF2–CaF2:Eu epitaxial superlattices 
on Si have been measured by laser spectroscopy and calculated in an exchange 
charge model. Two types of centre have been considered in the CaF2 layer: 
an ‘interface centre’, close to the CdF2/CaF2 interface, and a ‘remote centre’ 
located in the core of a layer. The influence of distortion, created by the silicon 
substrate, has been taken into consideration. The calculations confirmed a 
previously suggested ‘electron’ model of the interface centre. 
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bstract 
ombined excitation–emission spectroscopy was carried out to study Eu3+ centers in CaF2:Eu–CdF2 superlattices. Two 
istinctive centers were 
bserved and assigned as remote (R) and interface (I). The energy level of the R center appeared to be close to the cubic 
enter in a bulk crystal 
nd mainly consists of Eu3+ ions located away from the SL boundaries. The relative intensity of the interface centers was 
ery sensitive to the layer 
ickness and became more prominent in thinner layers indicating it is associated with Eu3+ ions in layers next to the SL 
oundary. A splitting of 
e 5D1 manifold indicates the interface center has axial symmetry, which is suggested to come from a charge-compensating 
lectron trapped in 
e conduction band of CdF2 layer. 
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